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Abstract 
The early warning based on real-time prediction of rain-induced instability of 
natural residual slopes helps to minimise human casualties due to such slope failures. 
Slope instability prediction is complicated, as it is influenced by many factors, 
including soil properties, soil behaviour, slope geometry, and the location and size of 
deep cracks in the slope. These deep cracks can facilitate rainwater infiltration into 
the deep soil layers and reduce the unsaturated shear strength of residual soil. 
Subsequently, it can form a slip surface, triggering a landslide even in partially 
saturated soil slopes. Although past research has shown the effects of surface-cracks 
on soil stability, research examining the influence of deep-cracks on soil stability is 
very limited. This study aimed to develop methodologies for predicting the real-time 
rain-induced instability of natural residual soil slopes with deep cracks. The results 
can be used to warn against potential rain-induced slope failures. 
The literature review conducted on rain induced slope instability of unsaturated 
residual soil associated with soil crack, reveals that only limited studies have been 
done in the following areas related to this topic: 
- Methods for detecting deep cracks in residual soil slopes. 
- Practical application of unsaturated soil theory in slope stability analysis. 
- Mechanistic methods for real-time prediction of rain induced residual soil 
slope instability in critical slopes with deep cracks. 
Two natural residual soil slopes at Jombok Village, Ngantang City, Indonesia, 
which are located near a residential area, were investigated to obtain the parameters 
required for the stability analysis of the slope. A survey first identified all related 
field geometrical information including slope, roads, rivers, buildings, and 
boundaries of the slope. Second, the electrical resistivity tomography (ERT) method 
was used on the slope to identify the location and geometrical characteristics of deep 
cracks. The two ERT array models employed in this research are: Dipole-dipole and 
Azimuthal. Next, bore-hole tests were conducted at different locations in the slope to 
identify soil layers and to collect undisturbed soil samples for laboratory 
measurement of the soil parameters required for the stability analysis. At the same 
bore hole locations, Standard Penetration Test (SPT) was undertaken.  
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Undisturbed soil samples taken from the bore-holes were tested in a laboratory 
to determine the variation of the following soil properties with the depth:  
- Classification and physical properties such as grain size distribution, 
atterberg limits, water content, dry density and specific gravity. 
- Saturated and unsaturated shear strength properties using direct shear 
apparatus. 
- Soil water characteristic curves (SWCC) using filter paper method. 
- Saturated hydraulic conductivity. 
The following three methods were used to detect and simulate the location and 
orientation of cracks in the investigated slope: 
(1) The electrical resistivity distribution of sub-soil obtained from ERT. 
(2) The profile of classification and physical properties of the soil, based on 
laboratory testing of soil samples collected from bore-holes and visual 
observations of the cracks on the slope surface. 
(3) The results of stress distribution obtained from 2D dynamic analysis of the 
slope using QUAKE/W software, together with the laboratory measured soil 
parameters and earthquake records of the area. It was assumed that the deep 
crack in the slope under investigation was generated by earthquakes. 
A good agreement was obtained when comparing the location and the 
orientation of the cracks detected by Method-1 and Method-2. However, the 
simulated cracks in Method-3 were not in good agreement with the output of 
Method-1 and Method-2. This may have been due to the material properties used and 
the assumptions made, for the analysis. From Method-1 and Method-2, it can be 
concluded that the ERT method can be used to detect the location and orientation of 
a crack in a soil slope, when the ERT is conducted in very dry or very wet soil 
conditions. In this study, the cracks detected by the ERT were used for stability 
analysis of the slope. 
The stability of the slope was determined using the factor of safety (FOS) of a 
critical slip surface obtained by SLOPE/W using the limit equilibrium method. Pore-
water pressure values for the stability analysis were obtained by coupling the 
transient seepage analysis of the slope using finite element based software, called 
SEEP/W.  
A parametric study conducted on the stability of an investigated slope revealed 
that the existence of deep cracks and their location in the soil slope are critical for its 
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stability. The following two steps are proposed to predict the rain-induced instability 
of a residual soil slope with cracks. 
(a) Step-1:  The transient stability analysis of the slope is conducted from the 
date of the investigation (initial conditions are based on the investigation) to 
the preferred date (current date), using measured rainfall data. Then, the 
stability analyses are continued for the next 12 months using the predicted 
annual rainfall that will be based on the previous five years rainfall data for 
the area. 
(b) Step-2: The stability of the slope is calculated in real-time using real-time 
measured rainfall. In this calculation, rainfall is predicted for the next hour 
or 24 hours and the stability of the slope is calculated one hour or 24 hours 
in advance using real time rainfall data.  
If Step-1 analysis shows critical stability for the forthcoming year, it is 
recommended that Step-2 be used for more accurate warning against the future 
failure of the slope.  
In this research, the results of the application of the Step-1 on an investigated 
slope (Slope-1) showed that its stability was not approaching a critical value for year 
2012 (until 31st December 2012) and therefore, the application of Step-2 was not 
necessary for the year 2012.  
A case study (Slope-2) was used to verify the applicability of the complete 
proposed predictive method. A landslide event at Slope-2 occurred on 31st October 
2010. The transient seepage and stability analyses of the slope using data obtained 
from field tests such as Bore-hole, SPT, ERT and Laboratory tests, were conducted 
on 12th June 2010 following the Step-1 and found that the slope in critical condition 
on that current date. It was then showing that the application of the Step-2 could have 
predicted this failure by giving sufficient warning time. 
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1.1 BACKGROUND 
Give the background of the problem to be explored in your study and what led you to 
doing the thesis. For example, you might discuss educational trends related to the 
problem, unresolved issues, social concerns. You might also include some personal 
background. 
The growth of the world population has created an intensive demand for residential 
and agricultural development (UN, 2009). The limited availability of suitable 
residential land has forced people to live in areas proven to be subject to natural 
disasters, such as landslides and floods. Consequently, in countries such as Hong 
Kong, Indonesia, The Philippines and Bangladesh, where there are high population 
growth rates, people live on hills and sloping terrain. Indonesia in particular, is 
located in a region of high seismic activity, and receives a very high annual rainfall 
in which rainfall-induced landslides are acknowledged as one of the major causes of 
natural disasters. In-depth studies of the stability of these slopes, together with the 
related programs to increase the safety awareness of people living in these areas, has 
become important and challenging for geotechnical engineering. 
Duncan and Wright (2005) found that slope stability is influenced by many factors 
related to soil properties, soil behaviour, slope geometry and other parameters, such 
as shear strength, unit weight, hydraulic conductivity, rainfall intensity, surface 
cracks, geographical details, degree of saturation and even vegetative cover. 
Although significant research has been conducted on some of these issues, the effects 
of all these those factors is still not well understood. 
Recent studies of soil water interactions have lead to significant developments in soil 
mechanics theory (Fredlund and Rahardjo, 1993; Lu and Likos, 2004). In general, 
the field of soil mechanics is divided into two soil-moisture phases, saturated and 
unsaturated soils. This distinction of the phases is marked by the differences in the 
nature of the soil and water characteristics and the relationships between them, 
including stage of saturation and negative pore-water pressure. The classical 
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saturated theory cannot be applied consistently for determining the stability of 
rainfall-induced slope failures, as they occur in unsaturated soil conditions (Fredlund 
and Rahardjo, 1993). These authors also stated that an unsaturated soil is defined as 
having three phases: solids, water and air. The pore-water pressure of a soil is 
negative relative to pore-air pressure. These differences will affect the whole concept 
of slope stability to represent a real field condition of soil. 
Most landslide phenomenon show explicit evidence of previous cracks in the soil 
slope (Sato et al., 2007; Owen et al., 2008 and Khattak, et al., 2009). A number of 
studies have been conducted on the effects of surface cracks on slope stability 
(Cousins, 1980; Baker, 1981; Chowdhury, 1991; Lu and Likos, 2004 ). However, 
relatively little research has been carried out on slopes with deep cracks. These deep 
cracks in soil slopes can be caused by earth relates activities, including soil 
shrinkage, earthquakes or creep (Khattak et al., 2009; Sato and Harp, 2009; Li, 
2009), and also from the extension of surface cracks (Zhan, 2003). If these cracks are 
filled with impurities such as sand, silt or organic materials, the overall shear strength 
of the slope material will be affected (Xu, 1997). Subsequently, when rainwater 
infiltrates and fills the cracks, there is a build up of pore water pressure. It is very 
important to model the slopes with deep cracks correctly for accurate stability 
analysis, for as Duncan, et al. (2005) have stated,“for slope stability analyses to be 
useful, the models must represent the correct problem, correctly formulated”. Past 
research studies have shown that cracks significantly influence the stability of natural 
slopes (Baker, 1981; Lee et al., 1988; Chowdhury and Zhang, 1991; Yao et al., 2001; 
Li, 2009). Therefore, it is important to detect the location, depth and orientation of 
deep cracks in a soil slope for accurate assessment of  slope stability. However, there 
are very few technologies available for detecting deep cracks in soil slopes.  
As one of the most terrifying hazards, rain-induced landslides have attracted people’s 
attention, and have become a focus for increasing awareness, to avoid losses and 
casualties, especially in regions that routinely experience heavy rainfall (Aleotti and 
Chowdhury, 1999; Guzzetti et al., 1999; Dai et al., 2002; Liao et al., 2006). As many 
landslides are triggered by rainfall, improvements in landslide prediction modelling 
using rainfall data for early warning systems, is urgently needed in vulnerable 
regions (Chang et al., 2008; Munthohar, 2008). The existing warning systems against 
rain-induced slope failures are mainly based on the following: 
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 Chart developments, correlating past measured rainfall and observed slope 
failures associated with rainfall (e.g. Lumb, 1975; Brand, 1982; Keefer et al., 
1987; Wilson et al., 1992; Slosson and Larson, 1995). These charts can be 
used with the real-time measured rainfall data to predict slope failures. The 
failure of individual slopes cannot be predicted accurately using this method, 
as it depends on the statistics of past slope failure events. 
 Real-time displacement measurement on slope surfaces (GPS, extensometers) 
or/and in the sub-soil (inclinometers) (e.g. JLS, n.d.; Terzis et al., 2006; 
Frasheri et al., 1998; Wilkinson et al., 2010). Although this method can be 
applied to an individual slope, it may give short time for possible 
evacuations, as the displacement is measured when the slope moves. 
Therefore, there is a real need to develop a landslide predictive model that can be 
used for predicting the failure of individual slopes in real-time, and thereby minimise 
the above drawbacks in existing techniques.  
1.2 RESEARCH PROBLEM  
In developing an early warning system based on stability analysis of slopes, for rain-
induced instability of natural residual slopes associated with deep cracks, the 
research undertaken in this thesis aimed to answer the following questions: 
- Is it possible to use Electrical Resistivity Tomography (ERT) to detect sub-
surface cracks? 
- How to model and analyse the stability of unsaturated residual soils 
associated with deep cracks and subject to rainwater infiltration? 
- What are the effects of cracks, their location and depth, on the stability of 
slopes? 
- How to use the factor of safety (FOS) of a slope for providing warnings 
against its rain-induced failure?  
1.3 RESEARCH AIMS AND OBJECTIVES  
The research aimed to develop a method for predicting the real-time rain-induced 
instability of a natural residual soil slope with deep cracks. It was anticipated that the 
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results of the research might then be used to provide early warnings against rain-
induced slope failures. 
It was anticipated that the aim of the research would be able to be achieved after 
meeting the following objectives:  
 Evaluation of the use of geophysical methods for detecting deep cracks in 
residual soil slopes. 
 Understanding stability analysis of unsaturated soil slopes with deep 
cracks and subjected rainfall infiltration. 
 Evaluation of the effects of cracks, their location and their depth, on slope 
stability. 
 Development of procedures for the real-time prediction of the rain-induced 
instability of slopes, and validation of the applicability of the proposed 
method.  
1.4 RESEARCH SIGNIFICANCE  
This research produced the following significant outcomes to add to the body of 
knowledge on geotechnical engineering and public safety:  
1. Contribution in the method at detecting sub-surface cracks in soils.   
In the study, the existence of cracks in the investigated soil slopes detected by  
Electrical Resistivity Tomography (ERT) techniques, was verified by visual 
observations and bore-hole log data. Therefore, ERT can be recommended as 
an appropriate method for the detection of sub-surface cracks in soils.   
2. Providing a more accurate representation of the natural phenomenon of a 
unsaturated soil slope. 
The stability of unsaturated soil slopes was numerically calculated using 
unsaturated shear strength properties and pore-water pressure distributions 
obtained from transient seepage analysis. This method of analysis differs 
from the traditional perspective of slope stability analysis based on the use of  
steady-state seepage and saturated shear strength properties. It also gives a 
more accurate representation of the natural phenomenan of a slope. 
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3. Method on real-time prediction of rain-induced instability of unsaturated 
residual soil slopes with deep cracks.  
The proposed method of real-time prediction of rain-induced instability of 
unsaturated residual soil slopes with deep cracks was successfully applied to 
predict and warn of the potential failure of natural residual slopes (the case 
study on the failed slope). The method can be recommended for application 
to any slope for which the site specific data are available, to predict stability 
in real-time. 
1.5 RESEARCH SCOPE 
 The verification of the use of ERT for detecting deep cracks was based on a  
field investigation of a natural residual soil slope in Indonesia, conducted 
during a wet season. 
 The applicability of the proposed method of rain-induced slope stability 
analysis in real-time to warn of potential slope failure was verified by 
applying the method to two critical residual soil slopes in Indonesia. 
 The proposed rainfall prediction was based on the previous 5 year rainfall 
records from one weather station in the study area. 
 Only 2D seepage and stability analyses were conducted in the study. 
 To model cracks in the numerical analysis, zones with low shear strength 
and high permeability material were introduced. 
1.6 METHODOLOGY 
The objectives of this research were achieved through the following steps:  
 Conduct literature review to identify research gaps in reported research 
information; 
 Propose a method for predicting rain-induced slope instability in real-time; 
 Undertake field investigations of two natural residual soil slopes in 
Indonesia which in critical condition; 
 ERT survey to explore sub-surface cracks and bore-hole logs to obtain soil 
samples; 
 6 Chapter 1: Introduction 
 Undertake laboratory tests on collected field  soil samples to obtain data on  
soil properties required for seepage and stability analysis of the slope; 
 Verify the ERT detected crack locations by using bore-hole log data and 
visual observations; 
 Develop a method to predict rainfall in the coming year, based on past 
rainfall records; 
 Apply transient seepage analysis (SEEP/W) and stability analysis 
(SLOPE/W) of the soil slopes subject to rainfall infiltration;   
 Verify the applicability of the proposed method for warning against the 
rain-induced slope failure (case study: failed residual soil slope in 
Indonesia). 
1.7 THESIS STRUCTURE 
This research is presented in seven chapters. The present chapter has introduced the 
background information on the study of rainfall-induced slope instability, including 
early warning systems against landslides. The mechanism of rain-induced slope 
failures associated with crack is briefly discussed. A brief review of studies on the 
warning systems against rain-induced slope failures is also presented. Finally, the 
objectives and scope of the thesis are presented. The following paragraphs present a 
concise description of the content of the remaining chapters: 
To achieve the research aims, Chapter 2, discusses the outcomes of the detailed 
literature review on recent studies on saturated and unsaturated soil properties, in 
particular the unsaturated soil theory for slope stability analysis purposes, including 
rain-induced instability of cracked soil slopes. Only limited reference material is 
available on deep crack existence investigations and related slope stability data. One 
of the difficulties in this research was the difficulty in identifying effective 
investigate methods. Some methods for predicting rain-induced instability of soil 
slopes are discussed. The literature review lead to the identification of a gap in 
current research related to the real-time prediction of landslides due to rainwater 
infiltration associated with deep soil cracks.   
Research methods are discussed in Chapter 3, including the research design and the 
tools used to find anwers to the research questions. A comprehensive methodology is 
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explained relating to deep cracks detection and real-time prediction of rain-induced 
cracked-slope landslides, including: field investigations, laboratory testing, data 
collection, numerical modelling analysis, and two steps of proposed real-time 
prediction. 
Chapter 4 presents the results of field and laboratory investigations of soil samples 
taken from the two investigated slopes, named Slope-1 and Slope-2. Soil layering 
based on the result of geotechnical investigation is presented then followed by 
discussion on rainfall record and prediction, and earthquake record in the 
investigated area. 
Discussions on the evaluation of soil deep crack detection methods are presented in 
Chapter 5. Included in this chaper is the verification of ERT results using soil testing 
results, soil layering based on ERT results, and dynamic slope stability analysis for 
Slope-1. 
Chapter 6 presents the analysis undertaken to reveal the effects of deep cracks on 
slope stability and the prediction method for forecasting the instability of cracked 
slopes. The results of parametric analysis conducted to investigate the effects of a 
crack, their location, and their depth, on the rain-induced instability of Slope-1 is 
discussed. The application of the proposed rain-induced slope instability prediction 
method to Slope-1 to predict its instability, is then explained. The discussion is 
followed by the verification of the two steps in the proposed prediction method using 
an actual landslide event at Slope-2. 
Finally, the conclusions and recommendations for future research are presented in 
Chapter 7. 
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2.1 INTRODUCTION 
A soil slope can be defined as unrestrained soil ground placed at an angle with the 
horizontal that is either naturally occurring or made by humans (Das, 2005). 
Gravitational forces are always acting on the mass of soil beneath a slope. The soil 
mass will always be in equilibrium, as long as the strength of the mass is equal to, or 
greater than, the gravitational driving forces. Slope failures are often initiated by 
processes that increase shear stresses and/or decrease shear strengths, of the soil mass 
(Abramson et al., 2002). The slope instability can trigger soil movements in the 
forms of creep, falls, slides, avalanches, or flows.  
In tropical regions, rainfall has been identified as the main cause of slope failures. 
Researchers have reported that most landslides occur in the rainy season, potentially 
causing damage to infrastructure and human casualties (Sweeney & Robertson, 1979; 
Chipp et al., 1982, Pitts, 1983, 1985; Brand et al., 1984; Brand, 1984; Tan et al., 
1987; Johnson & Sitar, 1990; Fredlund & Rahardjo, 1993; Brand, 1996; Lim et al., 
1996; Ng & Shi, 1998). Moreover, Chowdhury et al. (2010) state that the effects of 
rainfall have  to be considered in landslide hazard assessments. Investigations into 
rainfall induced slope instability remain to be undertaken to develop the knowledge 
of slope stability analyses. 
This chapter provides an overview of the current literature related to rainfall-induced 
slope instability, focusing on effects of cracks in unsaturated residual soils, and 
predictions of landslide occurrence. The first part of this chapter contains a review of  
field, laboratory and numerical studies conducted for understanding the mechanisms 
of rain-induced slope instability. Secondly, the methods and theories used in slope 
stability analysis are presented. Then, the field investigations required for the 
analysis of rain-induced instability analysis of natural residual soil slopes is 
discussed,  highlighting the methods used in the field to detect deep cracks in  slopes. 
The fourth part of this chapter presents a review of the  unsaturated soil properties 
required for the analysis of rain-induced slope instability, and their direct 
measurement in the laboratory and the field, together with indirect determination. 
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The final part of the chapter covers the methods of prediction and early warning used 
in relation to rain-induced slope failure. Distinguished by its focus on the presence of 
deep cracks on natural residual soil slopes, this study seeks to address the lack of 
research on the concept of predictions or early warnings againts rain-induced slope 
failure.  
2.2 RAINFALL-INDUCED SOIL SLOPE INSTABILITY 
There are several natural factors can potentially determine slope failures, including  
climatic conditions, seismic activities, geological features, topography, vegetation 
and a combination of these factors (Ost et al., 2003; Basile et al., 2003). A more 
simple classification has been introduced by Sassa et al. (2007) when they stated that 
the major direct triggering factors of landslides are rainfall, earthquakes, and human 
activities. Sometimes these act in combination to trigger a landslide. However, in 
tropical areas, rainfall can be the dominant factor, due to the rainfall is usually 
greater than earthquakes and human activity factors. 
In tropical regions, most occurrences of landslides are associated with residual soil 
type and deep water tables (Huat et al., 2006). Residual soils are formed by the 
physical and chemical weathering of bedrock. Soil slopes become more vulnerable 
for failure when a thick layer of residual soil is present (Huat et al., 2006). Residual 
soils frequently exist in an unsaturated state in regions where the groundwater table 
is usually deep.  
The most distinctive characteristic of tropical residual soils is the microstructure, 
which changes in a gradational manner with depth (Vargas, 1985; Brand, 1985). The 
in-situ water content of residual soils is generally greater than its optimum water 
content for compaction. Their density, plasticity index, and compressibility, are 
likely to be less than the corresponding values for temperate zone soils with 
comparable liquid limits (Mitchell and Sitar, 1982). Their strength and permeability 
are also likely to be greater than for temperate zone soils with comparable liquid 
limits (Mitchell and Sitar, 1982). 
It has been generally recognized that most landslides in unsaturated residual soils are 
induced by rainwater infiltration (Sweeney and Robertson, 1979; Chipp et al., 1982, 
Pitts, 1983, 1985; Brand et al., 1984; Brand, 1984; Tan et al., 1987; Johnson and 
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Sitar, 1990; Fredlund and Rahardjo, 1993; Brand, 1996; Lim et al., 1996; Ng and 
Shi, 1998). Soil layers near the slope surface, which are initially unsaturated during 
dry seasons, have negative pore-water pressure (i.e. matric suction in the case where 
the pore-air pressure is atmospheric), which is a major contributor to the shear 
strength of soils and to the stability of soil slopes. However, during the wet seasons, 
rainwater will infiltrate into the residual soil and increase the water content, thereby 
significantly reducing the value of negative pore-water pressure. Under these 
circumstances, the increasing pore-water pressure may greatly reduce the shear 
strength of the soil (or cause a decrease in the inter-particle stress). As a result, the 
slope will tend to lose its original equilibrium and a landslide phenomenon will 
potentially occur (Fredlund and Rahardjo 1993; Rahardjo et al. 1995).  
Anderson and Sitar (1995), Zhu and Anderson (1998) and Dai et al. (1999) 
concluded that the development of rain-induced landslides is also being affected by 
the shear behaviour of the residual soils upon wetting. They agreed that increases in 
the pore-water pressure in response to rainfall, is a prerequisite for the initialization 
of slope failure, and is accelerated by development of the collapse behaviour of 
unsaturated soils subjected to wetting. 
Au (1998) stated that, except for very limited number of failures caused by man-
made cutting, landslides in Hong Kong are more likely to be due to the infiltration of 
rainwater. This is also affected directly by other factors such as rainfall intensity, 
area extent (urban or non-urban area), position (crest, middle, or toe of slope), and 
duration of the rainstorm. Au (1998) concluded that in Hong Kong, slope failures 
occurred when the 24-hr rainfall exceeded 70 mm, while the major failures occurred 
when the rainfall intensity exceeded 130 mm in 24 hr. Similar research has been 
done by Toll (2001) in Singapore to investigate rainfall-induced landslides. He also 
concluded that a significant number of major slips occurred when rainfall intensity 
exceed 110 mm/day. Rainfall of high intensity also occurred in other countries with 
tropical climates, including Indonesia, Malaysia, The Philippines, and Bangladesh. 
Therefore, any advances in the research to investigate rain-induced landslides in 
different location, has potential widespread value and application.   
Some research have already been undertaken by scholars, aimed at investigating the 
mechanisms and factors affecting rain-induced slope instability using different 
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methodologies, including field studies, laboratory studies of numerical simulations. 
Some results of this research are discussed in the following sections of this review.  
2.2.1 Field Studies  
Rainwater infiltration will decrease the matric suction in an unsaturated soil slope 
and the stability of the slope, as shear strength decreases. A number of researchers 
have investigated the effects of rain-water infiltration on the matric suction in 
residual soil slopes using in-situ field instrumentations (Duncan, 1972; Flyod, 1981, 
Lim et al., 1996; Zhang et al., 2000; Tsaparas et al., 2003; Rahardjo et al., 2003b). 
Some of these researchers used a rainfall simulator to apply rainfall to in-situ slopes 
(Duncan, 1972; Flyod, 1981; Loch et al., 2001).  
Lim et al. (1996) investigated the effects of surface conditions of a residual soil slope 
on its rainfall-induced instability. In this investigation, instrumented residual soil 
slopes with different surface conditions were used, such as a canvas covered grassed 
surface, a grassed surface, and a bare surface slope. He concluded that during 
rainwater infiltration, the matric suction in the slope with the bare surface decreased 
rapidly, making the slope unstable.  
Zhang et al. (2000) carried out an in-situ infiltration tests on a hillside near the Three 
Gorges Dam in China. He found that the presence of geological discontinuities can 
disturb the infiltration pattern, when the slightly inclined joints impeded the water 
flow in soil and caused the development of perched water above the joints. 
Meanwhile, lateral drainage of rainwater occurred through the laterally extended 
joints, which reduced the rise of groundwater due to rainfall infiltration.  
Tsaparas et al. (2003) carried out a field study over 12 months to investigate the 
infiltration characteristics of two residual soil slopes in Singapore. These two 
locations were instrumented for monitoring the pore-water pressure changes during 
infiltration. At one of the locations, additional measurements were made for 
determining water runoff from natural and simulated rainfall. By analysing the 
results from the runoff measurements, they identified that rainwater infiltration is 
affected by the total rainfall and the initial pore-water pressures of the soil slope at 
the beginning of the rainfall event. Those two parameters can be used as the 
controlling parameters for observing the changes in the pore-water pressure within 
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the soil slope during infiltration. Total runoff increases with increases in total 
rainfall. The runoff measurement also indicated that there is an upper limit on how 
much rainfall can infiltrate into the soil slope. They also concluded that, for a total 
rainfall up to 15 mm, the pore-water pressure changes are controlled by the amount 
of rainfall and unaffected by the initial pore-water pressure. In contrast, for total 
rainfall greater than 15 mm, the amount of infiltration is highly affected by the initial 
pore-water pressure conditions.  
Rahardjo et al. (2005) investigated the response of a residual soil slope to different 
rainfall conditions. They carried out a field study under natural and simulated rainfall 
conditions, on a residual slope that was instrumented with pore-water pressure, water 
content, and rainfall measuring devices. From their experiment, it was found that a 
large proportion of the rainfall contributes to infiltration in the residual soil slope. 
They concluded that smaller total rainfall might contribute fully to infiltration, while 
larger total rainfall may contribute more to runoff than infiltration. Infiltration and 
runoff amounts are influenced by the antecedent rainfall in the slope. This rainfall 
amount is also affected by increases in pore-water pressure. From the results of this 
experiment, they found that the characteristics of infiltration processes, runoff 
generation, and pore-water pressure changes, have relevance in the assessment of 
rainfall-induced slope instability in different slope locations.  
2.2.2 Laboratory Study  
Landslides in unsaturated soils are generally initiated by an increase in pore-water 
pressure in the failure surface. Therefore, rain-induced slope failures take place under  
constant total stress conditions but increasing pore water pressure (Brand, 1981). Due 
to the different behaviour of the failure stress path for rain-induced landslides, 
researchers have attempted to simulate the failure stress path in the triaxial 
apparatuses, with non-standard procedures (Brand, 1981; Anderson and Sitar, 1995; 
Zhu & Anderson, 1998, Fung, 2001; Gallage and Uchimura, 2010).  
Huat, et al. (2006) conducted a model laboratory test using a sprinkler and a 
hydraulic jack system to investigate the water infiltration characteristics. During the 
test, the model can be moved to reach a designed slope angle, while the surface of 
the soil is  covered with different materials. They concluded that different surface 
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covers on slopes have an effect on the water infiltration. They also found that water 
infiltration decreases with increases in the slope steepness.  
Tohari et al. (2007) carried out a series of experiments on rainfall-induced failures 
using model tests in a laboratory. To construct a number of homogeneous 
experimental slopes in this study, two different sandy soils were used, namely, river 
sand and residual granite soil. A metal tank with maximum dimensions of 
2.0x1.0x1.5 m was  used in this experiment. One side of the tank was constructed 
using a 20 mm thick acrylic board for allowing simple installation of the instrument 
system and observation of the deformation process. A rainfall simulator was 
designed to produce an effective rainfall intensity of approximately 10 cm/h and set 
approximately 1.0 m above the model slopes to induce the change in volumetric 
moisture content and instability in the model slope. They concluded  from the results 
of this study,  that rainfall-induced slope failures are essentially initiated under 
drained conditions by the loss of lateral support resulting from earlier localized 
seepage induced failures. This instability of the seepage area may have an effect on 
the overall stability of the slope. Therefore, monitoring the formation of seepage 
areas needs to be investigated for the prediction of a particular slope failure hazard 
during a particular rainfall. 
2.2.3 Numerical Simulation  
A number of numerical studies have been carried out on the effect of rainwater 
infiltration on the stability of slopes (Fredlund & Rahardjo, 1993; Alonso et al.,1995; 
Ng & Shi, 1998; Leong et al., 1999; Gasmo et al., 2000; Ng et al., 2001).  
Gasmo et al. (2000) proposed a numerical model using numerical analysis software 
to investigate the infiltration effect on the stability of a residual soil slope. They used 
the soil-water characteristics curve and permeability function to simulate the flow of 
water through unsaturated soil. Subsequently, they determined the safety factor of 
slopes by using the limit equilibrium slope stability model.  
Ng, et al. (2001) conducted a three-dimensional numerical analysis to investigate 
groundwater responses in an initially unsaturated cut slope in Hong Kong. They 
investigated the effects of rainfall patterns, durations, and return periods, on the pore-
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water pressure and the stability of the slope. It was concluded that rainfall pattern has 
a significant influence on pore water pressures in soil layers near the ground surface. 
Rahardjo, et al. (2001) numerically investigated the effects of antecedent rainfall on 
the stability of residual soil slope in Singapore. Cho and Lee (2001) carried out a 
two-dimensional finite element flow-deformation coupled analysis, to observe the 
instability of an unsaturated soil slope caused by rain-water infiltration, in Korea. 
Lee, et al. (2008) used numerical analysis based on a series of centrifuge model tests 
to investigate the instability of layered fill slopes caused by a seepage impediment.  
Gofar et al. (2006) investigated a case of a rainfall-induced landslide using transient 
seepage and slope stability analyses. They used a seepage analyzing tool 
VADOSE/W to determine the saturation profile, and subsequently exported the result 
to SLOPE/W for the slope stability evaluation. The seepage models were simulated 
in three different conditions, such as with no tension cracks, with some moderate 
tension cracks  developed near the crest, and with deeper tension cracks at the crest. 
A soil material with high hydraulic conductivity of 8.64 m/day was  used to represent 
the tension cracks in the soil slope modeling. They concluded that the main factor 
contributing to  landslides is the reduction of shear strength due to an increase in soil 
moisture content in the soil slope. The formation of tension cracks on the ground 
surface of the slope provides ways for water to infiltrate into deeper soil layers. This 
causes excessive  rainwater infiltration that initiates seepage force and horizontal 
flow of water through the layer, thereby increasing the moisture content and reducing 
soil cohesion. 
From the discussion in this section, it is clear that rainwater infiltration causes  
instability in soil slopes by increasing the negative pore water pressure and thereby  
decreases the soil suction. Numerical simulation is suggested be used due to its 
effeciency and effectiveness. However, relatively little research has been done to  
investigate the association of slope instability with deep cracks. 
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2.3 SLOPE STABILITY ANALYSIS METHODS AND THEORIES  
There are three recent well-known methods for analysing the stability of a slope: 
limit equilibrium method, finite element method, and probabilistic method. The most 
commonly used method by geotechnical engineers is the limit equilibrium method 
(LEM), due to its simplicity and wide-range of conditions of application (Cheng & 
Lau, 2008; Abramson et al., 2002). The finite element method (FEM) is a more 
complex method that allows engineers to perform refined, 2D or 3D slope 
evaluation. Despite its complexity, FEM is likely to be used in geotechnical 
computer software due to its compatibility (Cheng & Lau, 2008). The newest method 
of analysis in slope stability is the probabilistic method; this method tends to quantify 
some uncertain factors, and is applied in studies of the design reliability of a slope 
(Peterson, J.L., 1999). 
2.3.1 Limit Equilibrium Method 
The limit equilibrium method (LEM) is a method that assumes slope factor of safety 
as a constant parameter for the entire failure surface. Factor of safety (FOS) is used 
to define the stability of slope, and can be determined with respect to force or 
moment equilibrium as illustrated in Figure 2.1. Generally, moment equilibrium is 
used for the analysis of rotational landslides, while force equilibrium is applied to 
translational or rotational failures composed of planar or polygonal slip surfaces 
(Cheng & Lau, 2008). 
A slope has to be considered as being in an unstable condition if FOS < 1.0. 
However, many natural slopes have been found to be still stable, despite their FOS 
being less than 1.0. Cheng & Lau (2008) stated that this inconsistent phenomenon is 
due to some common processes in the analysis, such as:  
1. Applying an additional factor of safety on the soil parameters; 
2. Only considering 2D analysis rather than 3D analysis; 
3. Ignoring an additional stabilization due to the presence of vegetation or soil 
suction. 
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Figure 2.1: Various definitions of factor of safety (FOS) (adopted from 
Abramson et al., 2002) 
Various types of analysis with limit equilibrium concepts have been used to 
correspond with the typical modes of failure. In the following paragraphs, some of 
them are briefly reviewed, including, block analysis, infinite slope analysis, planar 
surface analysis, circular surface analysis and the popular method of slices.  
A block/wedge analysis assumes a soil slope to be a compact block, for which an 
active force (PA) or a passive force (PP) has to be applied in analysis, to determine 
the FOS. This analysis usually used to estimate the FOS against sliding, in situations 
where the shearing strength of an embankment fill is greater than that of the 
foundation soils, as illustrated in Figure 2.2.  
 
Figure 2.2: Sliding Block Analysis (adopted from Abramson, 2002) 
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Infinite slope analysis is used for a slope that extends for a relatively long distance 
and has a consistent subsoil profile. In this situation, the failure plane is parallel to 
the surface of the slope and the limit equilibrium method can be readily applied. For 
instance, Figure 2.3 illustrates the infinite slope failure in dry sand, where N is 
normal force, T is driving force, and W is the weight of the slice. 
 
 
Figure 2.3: Infinite slope failure in dry sand (adopted from Abramson, 2002) 
Planar surface analysis is used for slopes with a thin layer of soil that have relatively 
low strength in comparison to the overlaying materials. Figure 2.4 shows a planar 
failure illustration with three force parameters: W = weight of sliding mass; Cm = 
mobilized shear strength; and N = normal force, which are being used to evaluate the 
stability of slopes (Abramson, 2002). 
 
Figure 2.4: Planar Failure Surface (adopted from Abramson, 2002) 
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In homogeneous materials soil slopes, critical failure surfaces are formed in circular 
shape. There are two methods of analysis for this circular failure surface: (i) the 
circular arc ( u = 0) method; and (ii) the friction method. The circular arc ( u = 0) 
method is the simplest circular analysis that is based on the assumption that a rigid 
cylindrical block will fail by rotation about its centre and that the shear strength 
along the failure surface is defined by the undrained strength. As illustrated in Figure 
2.5, the FOS in the circular arc ( u = 0) method can be defined using the following 
equation: 
  
                 
               
 
     
   
     (Eq. 2.1) 
Where  
Cu   = undrained shear strength 
R    = radius of circular surface 
W    = weight of sliding mass 
x     = horizontal distance between circle centre, O, and the centre of the sliding 
mass. 
 
 
Figure 2.5: Circular failure surface in a u = 0 soil (adopted from Abramson et 
al., 2002) 
Another type of analysis that also uses the circular surface concept is the friction 
circle method that is suitable for homogeneous soils with u > 0. This method is 
applicable for total or effective stress types of analysis. An equilibrium condition is 
expected to be complete when the force polygon of related parameters can be closed, 
as illustrated in Figure 2.6. The related parameters are: the direction of the resultant 
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normal and frictional component of strength that is mobilized along the failure 
surface (P); the cohesive shear stress along the base of the failure surface (C); the 
weight of sliding mass (W); and the pore water pressure (U).   
 
Figure 2.6: Friction circle procedure (adopted from Abramson et al., 2002) 
The most popular method of analysis that uses the limit equilibrium concept is the 
method of slices. In the method of slices, the potential failure surface is assumed to 
be a circular arc with centre “O” and radius “r”. The soil mass (ABCD) above a trial 
failure surface (AC) is divided by vertical planes into a series of slices of width “b”, 
as shown in Figure 2.7. 
 
Figure 2.7: The method of slices (adopted from Craig’s, 2004) 
Each slice is assumed to have a straight baseline. For any slice,  is the inclination of 
the baseline to the horizontal, and h is the height that measured on the centreline. 
FOS is defined as the ratio of the available shear strength (f) to the shear strength 
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(m). By implying that there must be mutual support between slices, the factor of 
safety is taken to be the same for each slice. 
The method of slices has gained in popularity in the methods of analysis, due to its 
ability to accommodate complex geometrics and variable soil and water pressure 
conditions (Terzaghi and Peck, 1967). Subsequently, various new methods based on 
this concept have been developed (Wright, 1969). A comparison of some methods of 
analysis has been published by Fredlund and Krahn (1977), as summarised in Table 
2.1. Their research aimed to compare the FOS obtained by each method.  
Table 2.1: Methods of slides comparisons (adapted from Fredlund and Krahn, 1977; Corps of 
Engineers, 2003) 
 
Fredlund & Krahn (1977) concluded that FOS from analysis methods (1) to (6) are 
very similar (difference <0.1%). All methods have the same form of the normal force 
equation with the exception of the Ordinary method. The differences in the various 
methods are the assumptions relating to the inter slice forces. For instance, the 
Ordinary method ignores inter slice forces (V=H=0); Simplified Bishop’s method 
assumes inter slice forces are horizontal (V=0, H>0); Spencer’s method assumes all 
inter slice forces are parallel (V>0, H>0) with an unknown inclination which is 
computed through iterations; Morgenstern and Price’s method relates the shear force 
(V) to the normal force (H), where V=f(x) H.  
The first three methods - Ordinary method, Bishop’s simplified and Janbu’s 
simplified, ignore vertical inter-slice forces. Due to the assumption that effective 
normal and pore pressure forces do not affect the moment equilibrium since they are 
directed through the centre of the circle, therefore, Ordinary method, Bishop’s 
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simplified and Janbu’s simplified, should not be used to compute an FOS for 
noncircular failure surfaces (Abramson et al., 2002).  
Bishop’s method is not applicable for horizontal force equilibrium analysis, and 
Janbu’s method is not applicable for moment equilibrium analysis. On the other 
hand, Spencer’s method or the Morgensters-Price’s method satisfies complete force 
and moment equilibrium. Janbu’s Simplified method determined the final FOS by 
multiplying the calculated FOS value with a modification factor,  . However, FOS 
values from Bishop’s method and Janbu’s method generally only have +15 % 
difference to the FOS from Spencer’s method or the Morgensters-Price’s method 
(Abramson et al., 2002).  
Spencer’s method and Morgenstern-Price method have similarities, in that these 
methods determine FOS by using force and moment equilibrium analysis. The 
difference is that Spencer’s method has a constant inclination of resultant inter slice 
force, while Morgenstern-Price has variation in the inclination of the inter slice 
resultant force. 
The Lowe and Karafiath’s method and Corps of Engineers method determine FOS 
by using force equilibrium analysis. Both methods consider the inclination of the 
inter slice force. The difference is that the Corps of Engineers method presents an 
over determined system, where moment equilibrium is not satisfied for all slices 
(Abramson et al., 2002).    
The latest method for limit equilibrium analysis is that proposed by Fredlund et al. 
(1981) and Chugh (1986) namely, general limit equilibrium (GLE). The method can 
determine FOS by satisfying both force and moment equilibrium. It also can be used 
for analysing circular and noncircular failure surfaces. Furthermore, the GLE has the 
ability to model a discrete version of the Morgenstern and Price (1965) procedure, 
and to implement the Spencer’s method directly by using a constant inter slice force 
function (Abramson et al., 2002). 
In conclusion, it is very important for a geotechnical engineer to have a 
comprehensive understanding of the limit equilibrium methods. A large range of 
method procedures, from simple to complex analysis, requires a geotechnical 
engineer to have an ability to choose the most suitable method for particular slopes. 
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The use of computer analysis can be the best solution for complex equations in limit 
equilibrium analysis.     
2.3.2 Finite Element Method 
In general, the Finite Element Method (FEM) is the numerical analyses method 
applied to solve differential equations in engineering (Abramson et al., 2002; 
Hammouri et al., 2008). Clough and Woodward (1967) introduced FEM for use in 
geotechnical engineering. This method can be applied in soil slope problems by 
dividing the soil continuum into discrete units that inter-connected at their nodes and 
at predefined boundaries of the continuum, as shown in Figure 2.8. For application in 
geotechnical engineering, the displacement method formulation of the FEM is 
typically used (Abramson et al., 2002). This method also presents the results in the 
form of displacements, stresses, and strains, at the nodal points.  
 
Figure 2.8: Terms in Finite Element Method (FEM) Analysis 
Published reviews have shown reasonable agreement between the results of FEM 
analysis and the LEM-based chart (Smith and Hobbs, 1974; Zienkiewicz et al., 1975; 
Griffith, 1980).  
Abramson et al. (2002) stated that a finite element approach has advantages in the 
analysis of slope stability problems over traditional LEM in the absence of 
assumptions for shape or location of the failure surface, slice side forces, and their 
direction. Complex slope configurations and soil deposits can be applied in FEM, to 
model virtually all types of mechanisms in two or three dimensions. Zaki (1999) also 
suggested the real benefits are offered by FEM relative to LEM. Rocscience Inc. 
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(2001) has confirmed that equilibrium stresses, strains, and associated shear strengths 
in the soil mass, can be accurately computed. The critical failure mechanism 
developed can be in any shape, not just simple circular or logarithmic spiral arcs. In 
addition, Rocscience Inc. (2001) suggested that FEM was more practical for use in 
comparing the results of various LEMs. Further, Griffith & Lane (1999) stated that 
FEM has the ability to monitor progressive failure, such as overall shear failure, and 
in providing results related to deformations at working stress levels. They also 
applied FEM to produce operating charts for an assessment of the stability of slopes 
under drawdown conditions (Lane and Griffiths, 2000).  
Rocscience Inc. (2001) stated that, in general two approaches can potentially be 
applied for analysing slope stability using FEM, these being the gravity loading 
increase to failure and the strength reduction to failure. The gravity loading approach 
generates the initial stress state of the problem by assembling calculated element 
forces from designed load increasing into a global force vector of the finite element 
mesh. The strength reduction technique is applied to determine factored shear 
strength parameters related to Mohr-Coulomb criterion (e.g. Matsui and San, 1992; 
Griffith & Lane, 1999) as given by the following equation: 
   
 
   
         (Eq. 2.2) 
      
   
    
   
        (Eq. 2.3) 
Where: 
Cf = factored cohesion (C) 
f = factored friction angle () 
SRF = strength reduction factor 
 
Despite of the advantage of FEM, it still has drawbacks due to its uncertainties 
failure criteria, as mentioned by Wong (1984). In FEM, the failure condition occurs 
progressively as a consequence of discrete elements of the soil model. Since not all 
elements fail simultaneously, a wide range of failure spans can be extended from the 
first occurrence of the yield point to the final failure of all elements. According to 
Wong (1984), some popular failure criteria include the bulging of slope line 
(Snitbhan and Chen, 1976), shear limit (Duncan and Dunlop, 1969), and non-
convergence of the solution (Zienkiewicz, 1971). Detail on these failure criteria has 
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been described by Abramson et al. (2002), who also concluded that the interpretation 
of FEM results still depends on the experience and intuition in predicting the 
behaviour of the real physical model, based on the numerical model. Hammouri et al. 
(2008) concluded in their research that FEM seems to be unable to locate the critical 
slip surface in cases of an undrained clay slopes. They also concluded that FEM 
could not adequately reflect the significance when some tension cracks were 
modelled at different locations.  
In conclusion, geotechnical analysis using FEM has the benefit in presenting more 
detail information of slope stability regarding the stress state in the soil. However, 
the uncertainties in slope stability need to be emphasized to obtain valid analysis.  
2.3.3 Probabilistic Slope Stability Analysis Methods   
In the deterministic model, slope stability analysis determines a unique value of FOS 
by ignoring the variability of the input parameters and the uncertainties of the model 
itself. Abramson et al. (2002) indicated that the uncertainties in slope stability come 
from a lack of knowledge and the inability to model precisely, in the following 
circumstances:   
- Spatial uncertainties (e.g. site topography, site stratigraphy and variability, 
geologic origins and characteristics of subsurface materials, groundwater 
levels) 
- Data uncertainties (e.g. in-situ soil characteristics, engineering properties, 
soil behaviour) 
Alonso (1976) stated that a lack of confidence in deterministic analyses could be due 
to uncertainties in soil properties, environmental conditions, and theoretical models. 
Therefore, the probabilistic approach should be applied for determining slope 
stability (Li and Lumb, 1987; Chowdhury and Xu, 1994; Munthohar, 2008). 
The final result of the probabilistic slope stability analysis will be in range of the 
FOS value or a probability of failure (Abramson et al., 2002). The range of values is 
defined in a probabilistic density function (PDF) to treat these parameters as random 
variables in the probabilistic formulation. The random variable models are developed 
using input parameters such as mean values, variance, standard deviation, 
coefficients of variation, and correlations. From the PDF, a reliability index () can 
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be estimated and characterized by its mean value (F), and standard deviation (F). 
The reliability index () can then be used to determine the probability of failure 
(Malkawi et al., 2000; Krahn, J., 2010c). Corps of Engineers (1997) provided values 
of the probability of failure in different terms of the probability of unsatisfactory 
performance, and relates to the level of risk.  
To calculate or estimate the PDF, some probabilistic techniques have been developed 
and used, such as Taylor Series Method (Hahn and Shapiro, 1967), Fourier Analysis 
(Feller, 1966),  Point Estimate Method (Harr, 1977; Thornton, 1994), reliability 
assessment (Harr, 1977; Chowdhury, 1984; Chandler, 1996; Thornton, 1994; 
Santamarina et al. (1992) and Monte Carlo simulations (Hutchinson & Bandalos, 
1997; Peterson, J.L., 1999).   
Currently the Monte Carlo simulation has gained widest acceptance since this 
technique is simple and can be calculated using recent computer programs with 
fewer modifications (Abramson et al., 2002). For instance, one of the popular 
computer software programs for slope stability analysis, SLOPE/W, has developed 
the application in a user friendly product (Krahn, J., 2010c). A simple schematic of 
the Monte Carlo simulation is presented in Figure 2.9 (Hutchinson & Bandalos, 
1997).   
 
Figure 2.9: General Monte Carlo Simulation Approach (Adopted from 
Hutchinson & Bandalos, 1997) 
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2.3.4 Seismic Slope Stability 
The  stability of slopes can be decreased due to the presence of seismic load. The 
earthquake ground motions are capable to destabilizing internal forces in soil matrics 
and also initiate the excess pore water pressures. When the shear strength decreases, 
the stability of slope then will be affected.   
In general, four methods of analysis have been proposed by Houston et al. (1987) for 
the evaluation of the stability of slopes during earthquakes. In increasing order of 
complexity and expense, these methods are: 
1. Pseudostatic Method:  
A limit equilibrium analysis is applied in this method by using the static 
horizontal and vertical force to simulate the initial forces of the earthquake.  
2. Newmark’s Displacement Method: 
By comparing the actual slope accelerations with the static yield acceleration, 
this method determines the permanent displacements of the slope (Newmark, 
1965). 
3. Post-earthquake Stability: 
This method determines the stability of a slope by examining the condition of 
soil samples using a laboratory undrained strength test. The soil samples are 
subjected to  cyclic loads comparable to the anticipated earthquake (e.g., 
Castro et al., 1985). 
4. Dynamic Finite Element Analysis: 
This method applies the Finite Element Method (FEM) using an approriate 
constitutive soil model. The results of the analysis is in the form of stresses, 
strains and permanent displacements (e.g., Finn, 1988; Prevost et al., 1985). 
Due to their ease of implementation, familiarity and economic considerations, the 
Pseudostatic and Newmark’s Displacement methods have gained in popularity in 
general geotechnical engineering practices. In contrast, the final two methods on the 
list are rarely  used. Althought the post-earthquake stability method is simple to 
implement, it requires comprehensive dynamic laboratory testing to determine the 
shear strength of the soils along some of the preselected potential failure surfaces in 
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the slope. For finite element analysis, the drawback is in its high cost of laboratory 
testing of the constiutive model and use of  computational resources.  
While earlier research has enhanced the understanding of soil slope stability 
concepts, there  have been few investigations relating to the impact of the level of 
saturation of the soil mass. As stated by Tohari et al. (2007), the major portion of soil 
mass involved in slope instability is under unsaturated conditions. Therefore, 
increased effort and inputs are needed to achieve a better knowledge and 
understanding of the relationship of soil slope stability to the level of soil saturation.  
2.4 CRACKS IN RESIDUAL SOIL SLOPES   
Many research articles have reported the effect of surface cracks on the  the stability 
of natural slopes (Baker, 1981; Lee et al., 1988; Chowdhury and Zhang, 1991; Yao et 
al., 2001; Li, 2009). The stability of soil slopes is decreased by the existence of 
surface tension cracks in two ways. First,  it has been observed that surface cracks 
may initiate a failure of the surface through them, due to a decrease in shear 
resistance (Skempton and LaRochelle, 1965). Second, the surface cracks can be 
infiltrated by water from rainfall, which will increase the pore-water pressure and 
possibly reduce the shear strength signficantly by weakening  particle  bonding 
(Bishop, 1967). Another aspect has been stated by Li and Zhang (2007) that the 
presence of cracks is likely to decrease the stability of slopes since water-filled 
cracks exert an additional driving force on the slope.  
Wang et al. (2011) have investigated the effect of cracks on slope stability 
considering the unsaturated hydraulic properties of the crack. They concluded that 
the existence of the soil crack affects the distribution of pore water pressure and FOS 
of the slope. At least, there were two characteristics being investigated in their 
research, namely: the depth and the location of cracks. Pore water pressures increase 
significantly and the FOS decreases sharply when the crack is deep. Furthermore, 
larger decreasing in FOS will occure when the crack is located at the crest of the 
slope than in the middle of the slope. They argued that the reason is because the 
crack can became a part of the slip surface when it is located at the crest of the slope. 
That argument support the result of case study being done by Gofar et al. (2006). By 
using 2D numerical modelling, Gofar et al. (2006) back-calculated at the Air Laya 
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landslide and indicates that the main cause of the landslide was the formation of 
tension cracks after prolonged dry season on surface soil. The presence of deep 
tension crack at the crest has given ways for the water to infiltrate deep into weak 
layer that can initiate the decrease of shear strength of soil slope. 
Althought a lot of studies have been conducted on these two factors in surface cracks 
(e.g. Spencer, 1967; Cousins, 1980; Baker, 1981; Chowdhury, 1991), only a few 
investigations specific to deep cracks can be found. In order to gain a comprehensive 
understanding of the subject, there is a necessity to observe deep crack existence in 
residual soil, particurlaly the  reasons for deep crack emergence and crack detection 
methods. 
2.4.1 Residual Soil Slope 
In the tropical region, mostly landslide occurance has involvement with residual soil 
type and deep water tables (Huat et al., 2006). Residual soils are formed by the 
physical and chemical weathering of bedrock. Soil slopes become more valnerable 
for failure when thick later of residual soil is presence, because as stated by Huat et 
al. (2006), residual soil is likely to have greater permeability than temperate zone 
soils with comparable liquid limits. Residual soils frequently exist in an unsaturated 
condition in regions where groundwater table is usually deep. In fact, these 
weathered products can being transported by physical processes to other places and 
deposited. Das (2005) categorized this transported soil into three types based on the 
transporting agents, namely: Alluvial or fluvial that deposited by running water, 
Glacial that deposited by glacier action and Aeolian that deposited by wind action. 
Most distinctive characteristic of tropical residual soils is the microstructure which 
changes in gradational manner with depth (Vargas, 1985; Brand, 1985). The in situ 
water content of residual soils is generally greater than its optimum water content for 
compaction. Their density, plasticity index, and compressibility are likely to be less 
than corresponding values for temperate zone soils with comparable liquid limits. 
Their strength and permeability are likely to be greater than those of temperate zone 
soils with comparable liquid limits (Michell and Sitar, 1982). Boundaries between 
layers are generally not clearly defined. Once the deposit has essentially no similarity 
with the parent rock, it is termed a residual soil. 
 30 Chapter 2: Literature Review 
It has been generally recognized that most of landslides in unsaturated residual soils 
were induced by rainfall infiltration (Sweeney and Robertson, 1979; Chipp et al., 
1982, Pitts, 1983, 1985; Brand et al., 1984; Brand, 1984; Tan et al., 1987; Johnson 
and Sitar, 1990; Fredlund & Rahardjo, 1993; Brand, 1996; Lim et al., 1996; Ng and 
Shi, 1998). Soil layers near the slope surface are initially unsaturated during dry 
seasons and it has a negative pore-water pressure (i.e., matric suction in the case 
where the pore-air pressure is atmospheric), which is a major contributor to the shear 
strength of soil and to stability of soil slopes. However, during wet seasons, 
rainwater will infiltrate into the residual soil and increase the water content, hence, 
the value of negative pore-water pressure will decrease significantly. Under this 
circumstance, the increasing in pore-water pressure may reduce the shear strength 
greatly (or a decrease in the inter-particle stress). As a result, the slope will tend to 
lose its original equilibrium and a landslide phenomenon will occur (Fredlund and 
Rahardjo 1993; Rahardjo et al. 1995). 
Anderson and Sitar (1995), Zhu and Anderson (1998) and Dai et al. (1999) 
concluded that the development of rain-induced landslides also being affected by the 
shear behaviour of the residual soils upon wetting. They agreed that increasing in the 
pore-water pressure by rainfall is a prerequisite for the initialization of slope failure, 
and it has been accelerated by development of the collapse behaviour of unsaturated 
soil subjected to wetting. 
2.4.2 Reasons for Deep Crack Emergence  
There is still a lack of information on research relating to the formation and 
dimension of cracks deeper than surface cracks. Li (2009) stated about ‘the other 
forms of cracks’, as an additional type in his five surface cracks categorization that 
occur due to tectonic stresses, relief of stresses, or large scale shifts in the soil, such 
as earthquakes movement or creep. Khattak et al. (2009) have investigated landslides 
that have been triggered by earthquakes in the Kashmir Himalaya region. 
Earthquakes have induced many extensive fissures and ground cracks that have the 
potential to become future landslides during periods of heavy rainfall. This 
conclusion is supported by Sato et al. (2007) and Owen et al., (2008), who concluded 
that the cracks make slope unstable. From other research, it can be concluded that 
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there are three possible reasons for the crack emergence, namely: the extension of 
surface cracks, earthquakes and imbalanced soil movement. 
Several researchers have investigated the existence of surface cracks. Among these,  
the concept is clearly defined by Li (2009). He concluded that surface cracks can be 
classified into five categories, based on the crack formation, as listed below: 
- Desiccation cracks, that  developed due to volumetric shrinkage;  
- Cracks due to temperature changes; 
- Cracks due to settlement and shifting; 
- Cracks formed in  construction processes; 
- Synaeresis cracks, that are induced by rapid gravity settlement which 
results from clay flocculation or grouping of particles. 
In addition, tension cracks also can be initiated in unsaturated soil conditions, due to 
the imbalanced of force towards the interior of the water within the contractile skin. 
Fredlund and Rahardjo (1993) explained that the imbalanced force comes from 
surface tension at the skin of soil particles, initiated by matric suction in unsaturated 
soil.  
Surface cracks can experience an extension phenomenon, as demonstrated by several  
researchers. The effect of the crack extension is that it might influence the stability of 
slopes. During the wet season, rainfall can infiltrate the soil and subsequently 
increase the shear stress or reduce the shear strength. Major landslides can occur 
when the rainwater not only become surface runoff, but also enters the soil mass 
causing high subsurface flow concentration (Au, 1998; Rahardjo et al., 2005).  
Deeper infiltration of rainwater in soil slopes occurs when the rainwater seeps 
through existing surface cracks (Gofar et al., 2006). In addition, the developed cracks 
will destroy the original structure of the soil mass and weaken the bonding; in 
addition it will facilitate the infiltration of rainwater (Zhan, 2003). Bao et al (1998) 
concluded that in regions with expansive soil deposits, a slide surface can be formed 
along the crack-extension surface and through the slightly-inclined soft interlayer 
(see Figures 2.10 and  2.11).  
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Figure 2.10: Landslide along the slighty-inclined soft interlayer (Bao et al., 
1998) 
 
Figure 2.11: Landslide along the crack-extension surface (Bao et al., 1998) 
External forces from earthquakes can initiate cracks in the soil slope. Khattak et al. 
(2009) investigated a landslide that had been triggered by an earthquake in the 
Kashmir Himalayas. The earthquake induced many extensive fissures and ground 
cracks that have the potential to become future landslides in response to heavy 
rainfall. This conclusion is supported by Sato et al. (2007) and Owen et al., (2008), 
who concluded that cracks existence make the slope unstable. Abramson et al. (2002) 
stated that the instability of slopes can be caused by the combined effect of the 
seismic loads and the changes in shear strength that decreases in response to transient 
loads (i.e. cyclic strains) or due to the generation of excess pore water pressure.  
Another reason for crack emergence is due to imbalanced soil movement on a slope. 
Skempton and Hutchinson (1969) outlined the basis for retrogressive failure of a 
slope. Such failures are typical when the first slip tends to decrease the safety factor 
of soil slope, which then leads to additional failures, as illustrated in Figure 2.12. 
Abramson et al. (2002) has followed this concept and stated that retrogreesive failure 
not only can occur in homogenous soil but also in layered soils. Quinn et al. (2007) 
stated that this failure could be a series of stepped zones passing through different 
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brittle/weak layers. The process can be occurred quite slowly, due to seasonal 
loading change at the toe (e.g. erosion, river level fluctuations and associated rapid 
drawdown) or very rapidly (e.g. due to liquefaction, earthquake, pile driving, 
blasting). Figure 2.13 illustrates the upward propagation of retrogressive failure. 
 
Figure 2.12: Typical retrogressive landslide (adapted from Skempton & 
Hutchinson, 1969)   
 
Figure 2.13: Development of the continuous failure surface from toe (adopted 
from Quinn et al., 2007) 
From the above discussion, it is clear that further research needs to be undertaken to 
investigate rainfall-induced instability of slopes in associated with deep cracks. The 
lack of reference material relating to research in this area may reflect a lack of 
appropriate technologies for the detection of deep cracks.   
2.4.3 Detection of Deep Cracks using Geophysical Equipment 
A soil can be considered to have a crack or discontinuity if found to have the  
characteristics of weak or porous soil within. Several geotechnical investigative 
methods can be used to detect the presence of cracks in soil, including  bore-holes, 
Standard Penetration Test (SPT), Dynamic Cone Penetration Test (DCPT), grain-size 
distribution, and soil classification. This methods can provide information on density 
parameters, porosity or degree of saturation in each soil layer, at selected locations.  
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However, to be able to make substantive conclusions relating to the subsoil layers 
using these techniques, a lot of observation points are needed. However, data 
collection from a large number of observation points can potentially be costly. 
Therefore, other detection techniques such as the use of geophysical approaches need 
to be considered.  Some of geophysical options are described in the following 
paragraphs.  
Surface cracks in soil can be easily seen. In contrast, the detection of deep cracks in 
soil can be difficult unless special equipment is used for in-ground investigations, 
such as geophysical tools. The application of geophysical methods may be useful in 
ground investigations, especially during  the reconnaissance stage. Although, there 
are potential limitations relating to the information that can be obtained, the use of 
geophysical methods can produce rapid and economic results (Craig, 2004). For 
example, searching for the perfect borehole location may become easier by using the 
information on rock or soil layers that can be provided by geophysical methods. 
However, the methods are not suitable for all ground conditions. Therefore, it is 
always necessary to check the results against data obtained by direct methods, such 
as boring. The geophysical applications should be considered mainly as 
supplementary methods for geotechnical investigations. 
Based on different physical principles, there are several geophysical techniques that 
can be used as non-destructive test methods in ground investigations. Three of the  
techniques that can be used to identify soil cracks are: Seismic Refraction Surveying, 
Ground Penetrating Radar and Electrical Resistivity Method. 
Seismic Refraction Surveying uses seismic waves to measure the reflection and 
refraction of rock or soil layers (Craig, 2004). Waves are generated by using 
explosions  or by striking a metal plate with a large hammer.  Sensitive vibration 
transducers called geophones, and a seismograph, are used to record the reflected 
wave from the soil layer. By measuring the velocity of the waves, different types of 
soil can be recognized. This method can be used to investigate general soil types and 
the approximate depths of these soils.  However this method is the most expensive of 
all the geophysical methods available  for investigating  layered soils (Milsom, 
2003). Cracks in soil can be detected from waves that are low-pass filtered by the 
cracks (Bievre et al., 2010). Han (2009) used the seismic refraction tomography 
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method to investigate cracks in roadbed layers that can be caused by frozen soil 
under the roadbed. Bievre et al. (2010) used the seismic refraction method to 
investigate water infiltration into cracks in clay soils. Figure 2.14 shows the basis of 
the seismic refraction method. 
 
 
 
 
 
 
 
The Ground Penetrating Radar (GPR) technique is similar in principle to seismic 
refraction. GPR systems radiate short pulses of high frequency (10-1000 MHz) 
electromagnetic energy into the ground from a transmitting antenna. The propagation 
of the radar signal depends on the frequency-dependent electrical properties of the 
ground. Electrical conductivity of the soil or rock materials will be detected along the 
propagation paths. Limits of penetration depth into earth formations is influenced 
significantly by absorptive losses from the moisture content and mineralization 
present. When the radiated energy encounters an in-homogeneity in the electrical 
properties of the subsurface, part of the incident energy is reflected back to the radar 
antenna and part is transmitted into, and possibly through, the in-homogeneity. By 
identifying this in-homogeneity layer, GPR can be used to detect faults or cracks in a 
soil (Gori and Hays, 1987, 1988; Benson, 1995). Figure 2.15 shows the basic 
components and functional operation of a pulse-mode GPR system.  
Although some faults can be detected by using geological mapping based on GPR 
results, other faults have no visible expression and can only be detected  by 
subsurface investigations. Therefore, the GPR methods should be integrated with 
geotechnical engineering methods, such as drilling and trenching, to obtain better 
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Figure 2.14: Seismic Refraction Method 
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results (Benson, 1995). Similar suggestions have been proposed by Hunaidi and 
Giamou (1998) who have used GPR to identify leaks in buried water pipes by 
detecting underground voids created by the leaking water from the pipes. They 
concluded that the use  of GPR still needs to be improved, particularly in clay soil 
sites which have  a high natural moisture content that can hinder  detection.  
 
Figure 2.15: Schematic representation of Ground Penetrating Radar (GPR) 
(adopted from  Benson, 1995) 
The Electrical resistivity (ER) method uses electrical current to detect the resistivity 
of soil layers. This method will show the thickness and resistivities of all the geo-
electric units or layers. Resistivity data is interpreted using the modelling process of 
a hypothetical model of the earth and its resistivity structure. The conductance of a 
given stratigraphical layer or unit will be determined. The conductance is the product 
of the resistivity and the thickness of a unit.  
A schematic diagram of the basic principle of electrical resistivity measurement is 
shown in Figure 2.16. Two short metallic stakes (electrodes) are driven about 1 foot 
into the earth to apply the current to the ground. Two additional electrodes are used 
to measure the earth voltage (or electrical potential) generated by the current. 
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Figure 2.16: Schematic Illustration of  Basic Concept of Electrical Resistivity 
Measurement (adopted from  NGA, 2000) 
 
Depth of investigation is a function of the electrode spacing. The greater the spacing 
between the outer current electrodes, the deeper the electrical currents will flow into 
the earth, hence the greater the depth of exploration. The depth of investigation is 
generally 20% to 40% of the outer electrode spacing, depending on the earth 
resistivity structure.  
The ER method can be used to detect cracks in soils. For example, a two dimensional 
geo-electric section from a dipole-dipole survey in Alaska is presented in Figure 
2.17. As part of a water resources investigation, the resistivity survey was conducted 
in order to identify fracture zones with increased porosity. The objective of this 
investigation was to locate conductive fracture zones in the more resistive bedrock. 
In Figure 2.17, it can be seen that the zone with lower resistivities (1500 to 2000 
ohm-meters), between 90m and 100m, is being indicated as having increased water 
content due to higher fracture porosity in that region. 
 
Figure 2.17: Geo-electric Model From Dipole-Dipole Resistivity Survey 
(adopted from  NGA, 2000) 
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The results of ground investigations using the electrical resistivity method have been 
published by Samouelian et al. (2003), Friedel et al. (2006), Oh and Sun (2008), 
Tabbagh et al., (2007), Zhu et al. (2009) and Sudha et al. (2009). The electrical 
resistivity method determines soil type using the electrical resistance difference in 
different soil types. The flow of electrical current can move through a soil due to  
electrolytic action. Therefore, water content and concentration of salts will affect the 
resistivity of a soil. For example, a saturated soil with a high void ratio would be 
detected as having  low resistivity, due to the significant quantity of pore water and 
free ions in the  water. The value of the apparent resistivity depends on the geometry 
of the electode array used. There are three main types of electrode configurations: 
Wenner arrays, Schlumberger arrays, and Dipole-dipole arrays. 
Samouelian et al. (2003) carried out electrical resistivity measurements to detect 
small cracks within the soil. From the results of this investigation, they concluded 
that the electrical resistivity method can be used to detect cracks in soil effectively, 
even for small cracks. Friedel et al. (2006) used electrical resistivity tomography 
(ERT) to derive a detailed image of the subsurface layers and bedrock, in order to 
choose an optimum position for a sensor of geotechnical testing equipment. A report 
relating to the combination of ERT analysis and the SPT has been published by Oh 
and Sun (2006), investigating the stability of a center-core type earth-fill dam against 
the seepage piping phenomenon. They used those multiple explorations to reduce the 
uncertainty in application of geophysical methods. However, they have suggested 
that more and various geophysical methods need to be used to reduce the ambiguity 
of interpretation for seepage conditions. In different combination analysis, Tabbagh 
et al. (2007) applied ERT to characterize cracks in soil and used a method of 
inversion modeling to estimate crack positions, thickness and geometry. Zhu et al. 
(2009) stated that the results of the ERT investigations need to be compared with the 
geological drilling test, to verify the correctness of ERT analysis. They proposed the 
application of ERT to detection of a buried fault, especially for urban areas. 
Therefore, it is clearly  understood that the application of ERT in geotechnical 
investigations will be a beneficial method due to its cost, rapidity and efficiency, in 
comparison with direct in-situ methods (Sudha et al., 2009). 
The resistivity sounding method is another application of geophysical methods that 
has been used to investigate the inhomogeneities of subsoils (Senos-matias, 2002; 
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Schmutz et al., 2006;  Busby and Jackson, 2006; and Schmutz et al. 2006). The term 
‘sounding’ is used when the variation of resistivity with depth is required (Craig, 
2004). This method enables rough estimates of the types and depths of strata. The 
greater the thickness, the greater the electrode spacing cover.  
Senos-matias (2002) proposed the application of non-conventional electrode arrays, 
such as the square array, to provide information from resistivity sounding on local 
inhomogeneities and anisotropy ground. Schmutz et al., (2006) carried out the 
resistivity sounding method by using an azhimuthal array that also known as an 
‘arrow-type array’. The azhimuthal resistivity sounding method to investigate the 
anisotropy of soil layers has also been proposed by Busby and Jackson (2006) and 
Schmutz et al. (2006). Busby and Jackson (2006) applied azhimuthal resistivity 
sounding to map fracture orientations as well. Schmutz et al. (2006) combined the 
ARS with azimuthal resistivity tomography to obtain better results. There is no doubt 
of the necessity to develop an advanced application of geophysical equipment in 
geotechnical research, due to the indications that geophysical techniques can play an 
important role in the geotechnical exploration.      
From the above discussion, it can be understood that, if the deep crack can be 
detected, the effects of the deep cracks existence on the safety factor of sloping soils 
can be studied properly. It is therefore important to continue the research on the 
various methods that can potentially be used to perform deep crack detections in 
more detail. Furthermore, the results of these studies will compliment the slope 
stability analysis that has been commonly used. 
2.5 UNSATURATED SOIL PROPERTIES 
In unsaturated soil, the pore-water pressure is negative relative to the pore-air 
pressure. The effective stress remains to be used as state variable of soil.  However, 
there are two additional principles that have to be considered in unsaturated soil: (1) 
the role of air phase (i.e. the pore air pressure, ua); and (2) the difference between the 
pore-air pressure and the pore-water pressure. The contribution of pore water 
pressure to total stress in unsaturated soil mechanics depends on the degree of 
saturation and pore-size distribution. It can be seen in Figure 2.18 for the portion of 
the soil profile above the groundwater table that is called the vadose zone. The pore-
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water pressure will be drawn to the right if water enters at ground surface (e.g. 
infiltration). In contrast, the pore-water pressure profile will be drawn to the left if 
water is extracted from the ground surface (e.g. evaporation).  
Another approach to stress analysis of the unsaturated soil mechanics has been 
presented by Fredlund and Morgenstern (1977) who have added the fourth phase in 
unsaturated soil mechanics, namely, air-water interface or contractile skin. They 
suggested three possible combinations of stress states as follows: (1) ( – ua) and (ua 
– uw), (2) (– uw) and (ua – uw), and (3) ( – ua) and ( – uw). The contractile skin or 
air-water interface has the ability to exert a tensile pull and it behaves like an elastic 
membrane. This tensile pull causes surface tension on the contractile skin, with its 
magnitude being  determined by the parameter of soil suction. 
 
Figure 2.18: Illustration of Possible Negative Pre-water Profiles in the Vadose 
Zone (adopted from Fredlund and Rahardjo, 1993) 
The total suction of soil (  ) consist of two components: the matric suction (  ) and 
the osmotic suction (  ). Lu and Likos (2004) described this relationship using 
equation below: 
              (Eq. 2.4) 
Matric suction in geotechnical engineering is related to the difference between  the 
pore air and pore water pressure (ua – uw), that occurs on the contractile skin. A 
matric suction  is the result of surface tension that happens because of the unbalanced 
force towards the interior of the water within the contractile skin (Fredlund and 
Rahardjo, 1993; Lu and Likos, 2004). The capillary phenomenon is also related to 
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the matric suction. The pore radius in a soil can be considered as the radius of 
curvature in the capillary model. The dimension of the pore radius will affect the 
capillarity rise, and it means that the tension of matric suction also will be affected. 
The surface tension on the contractile skin will generate a reaction force on the wall 
of the capillary tube, and its resultant force will produce compressive stresses. Due to 
this change, the compression of the soil will be increased. In other words, the shear 
strength of the soil will be affected by the presence of matric suction in an 
unsaturated soil. Therefore, Fredlund and Rahardjo (1993) concluded that matric 
suction is one of the stress state variables that has the ability to control the 
mechanical behaviour of an unsaturated soil.  
Osmotic suction is related to the salt content in the pore-water, which is present in 
both saturated and unsaturated soils. The osmotic suction is also closely related to the 
diffuse double layer around the clay particles. The effect of the osmotic suction 
change on the soil behaviour may be significant as part of the stress state, when the 
salt content of the soil is altered by chemical contamination. However, for most 
geotechnical problems involving unsaturated soils, matric suction has a more 
influential effect than osmotic suction (Fredlund and Rahardjo, 1993).  
Figure 2.19 shows a comparison of changes in osmotic suction and matric suction 
when the water content is varied. From the chart, it can be seen that the total and 
matric suction curves are almost the same, particularly in the higher water content 
range. Therefore, as stated by Krahn and Fredlund (1972), a change in total suction is 
essentially equivalent to a change in the matric suction. This relation can be defined 
as: 
                 (Eq. 2.5) 
The application of unsaturated soil mechanics into geotechnical engineering still has 
some drawbacks. The primary drawback is the excessive cost and time-consumption  
in the unsaturated soil properties measurement process. Therefore, the use of 
constitutive relationship for determining unsaturated soil property functions, can be 
an effective alternative method. The most commonly used constitutive stages in the 
implementation of unsaturated soil mechanics is the soil-water characteristic curve 
(Fredlund and Rahardjo, 1993; Barbour, 1998; Lu and Likos, 2004). This 
relationship curve will be discussed more detail in subsequent paragraphs.  
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Figure 2.19: Total, Matric, and Osmotic Suction Measurement on Component 
Regina Clay (adopted from Krahn and Fredlund, 1972; Fredlund and Rahardjo, 
1993). 
2.5.1 Soil-Water Characteristic Curve (SWCC) 
A soil-water characteristic curve (SWCC) represents the relationship between the 
amount of water and soil suction. Usually the amount of water in the soil is 
quantified in terms of gravimetric water content (w), degree of saturation (S), or 
volumetric water content For soil suction plotting, matric suction is  used in the 
lower suction range and total suction in the higher suction range. Matric suction and 
total suction variables can be the same in high suction conditions (e.g. > 3000 kPa) 
(Fredlund, 1995). A  typical SWCC from a residual soil is illustrated  in Figure 2.20.  
The SWCC can be described from an adsorption (wetting) process or a desorption 
(drying) process. From Figure 2.20, it can be seen that there is a difference between 
the wetting characteristic curve and drying characteristic curve. This phenomenon 
usually is called the hysteresis mechanism. It shows the fact that there is no unique 
equilibrium between moisture content and soil suction. A drying process (i.e.  
evaporation or gravity drainage) will tend to retain more water than a wetting process 
(i.e. infiltration) for the same value of suction. This hysteresis mechanism will have a 
consequent impact on the stress, strength, flow and deformation behavior of 
unsaturated soil systems (Lu and Likos, 2004). 
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Figure 2.20: Typical graph of SWCC (adopted from Fredlund et al., 1994) 
 
The SWCC has an important role in understanding the behaviour of unsaturated soils 
in many disciplines, including soil science, soil physics, agronomy and agriculture 
(Barbour 1998). In unsaturated soil mechanics, this curve is a basic parameter in the 
prediction of unsaturated soil property functions (Fredlund, 1998). The most 
commonly used are those related to seepage and shear strength.  
There are numerous methods for determining SWCC being proposed by researchers 
using direct laboratory tests, or indirect estimations using grain-size curves and 
knowledge-based database systems (Gardner, 1958; Burdine, 1953; Maulem, 1976; 
van Ganuchten, 1980; Fredlund and Xing, 1994; Sillers, 1997; Fredlund et al., 1997; 
Leong and Rahardjo, 1997a). Soil water characteristic curves are generated by 
measuring the amount of water content corresponding to the suction quantity. 
2.5.1.1 Determining SWCC by measuring Soil Suction using Direct 
Laboratory tests 
To determine SWCC, the matric suction and corresponding volumetric water content 
are calculated in a laboratory, following both desabsorption and absorption 
processes. The methods used to measure matric suction are summarised in Table 2.2.  
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Table 2.2: Summary of Laboratory and Field Techniques for Measuring Matric Suction of Soils 
(adopted from Lu and Likos, 2004) 
 
 Tensiometers 
The tensiometer technique determines matric suction by using a water-filled 
tube with high-air entry (HAE) ceramic materials, and also sensor devices for 
measuring negative water pressure. HAE ceramic can have a surface tension 
on its microscopic pores when saturated with water. The surface tension acts 
as a mebrane for separating the gas phase and liquid phase on different sides.  
It will allow the process to measure negative pore water pressure directly. A 
small probe with a ceramic tip is used to create a saturated hydraulic 
conection between the soil pore water, the water in the tensiometer body, and 
the pressure sensor. By a direct exchange of water between the sensor and the 
soil, pore pressure will be measured. The osmotic potential of the pore water 
will not affect the pressure measurement due to the sensor tip being 
permeable to dissolved solutes. Therefore, it becomes a direct measurement 
of matric suction if gravitational potential is also considered. 
The  response time for a tensiometer measurement is commonly around 1 to 
10 minutes. This response time is affected by the system compressibility, the 
hydraulic conductivity and thickness of the sensor tip, and the hydraulic 
conductivity of the soil.  
Tensionmeter measurement capability is limited by the air-entry pressure of 
the porous ceramic tip, and the capacity for water to sustain a high negative 
pressure without cavitation occurring. For free water, the absolute cavitation 
pressure at sea level is approximately 1 atm or about 100 kPa. Therefore, 
reliable tensiometer measurements using standard testing equipment can 
measure the matric suction in the range of about 70 to 80 kPa. This capability 
can be reduced due to some cavitation occurrence  that is accelerated by 
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impurities (e.g. dust particles), dissolved gases and air bubbles, in tiny 
crevices  in the walls of the sensor body.  
A comprehensive description of tensiometer principles and standard 
procedures has been provided by Stannard (1992). Some advanced methods 
have been developed incorporating with size, smooth-walled sensing 
reservoirs and relatively high air-entry pressure ceramics (Ridley and 
Burland, 1993; Guan and Fredlund, 1997; Tarantino and Mongiovi, 2001). 
 Axis Translation Techniques 
Axis Translation Techniques can be applied for the determination of matric 
suction by using a High-Air Entry (HAE) materials. This technique directly 
controls the difference between water pressure and air pressure, by elevating 
the pore air pressure in unsaturated soil while maintaining the pore water 
pressure at a measurable reference value, typically atmospheric. In this way, 
the matric suction variable (ua-uw) may be controlled, but not over the 
cavitation limit for water under negative pressure.  
For the mesurement of matric suction, the air pressure is elevated and the 
flow of water between the soil and the ceramic disk is not allowed (Hilf, 
1956). For a pore water extraction test, the air pressure is increased and 
drainage from the specimen is allowed to occur through the HAE pores. 
Drainage continues until the water content of the specimen reaches an 
equilibrium with the applied matric suction, which is recorded as the 
difference between the water pressure on one side of the disk, typically 
atmospheric, and the pore air pressure on the other side of the disk. 
Two basic types of extraction systems are commonly used in practice: 
pressure plate system and Tempe cell systems. Pressure plate is applicable for 
matric suction in the range of about 1 – 1,500 kPa (Bocking and Fredlund, 
1980). Tempe cells are applicable for  about 0 – 100 kPa of matric suction 
(Lu and Likos, 2004). 
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 Electrical/thermal Conductivity Sensors 
This technique uses electrical and thermal conductivites of a rigid porous 
medium to determine matric suction of soil. A predetermined calibration 
curve of the correlation between electrical or thermal conductivity of a rigid 
porous medium and soil suction, is needed to apply this technique. By using 
this characteristic curve, any subsequent change in the matric suction of the 
soil that corresponds with a change in the water content of the porous 
medium can be known.  
Due to its inherent sensitivity, electrical conductivity sensors can detect all 
changes in electrical conductivity, even when not related to the moisture 
content of the porous medium, such as from dissolved solutes. In contrast, 
thermal conductivity sensors do not have this drawback. Therefore, the 
thermal conductivity technique is commonly used in geotechnical 
engineering practices. Most commercially available thermal conductivity 
sensors are applicable for suction measurements ranging from about 0 to 400 
kPa (Phene et al, 1971). Some advances in the development in the 
applicability of thermal conductivity sensors  have  been provided by a 
number of  scholars (Picornell et al, 1983; van der Raadt et al, 1987; Sattler 
and Fredlund, 1989). 
 Filter Paper 
Another method for determining soil suction is by using filter paper. This 
method is very popular due to its low cost and simple testing setup, 
procedures and data analysis. This technique evolved in Europe in the 1920s 
and was introduced to the United States in 1937 by  Gardner (1937). Since 
then, the filter paper method has been used and studied by numerous 
researchers (e.g.: Fawcett and Collis-George 1967; McQueen and Miller 
1968; Al-Khafaf and Hanks 1974; Chandler and Guierrez 1986; Houston et 
al. 1994; Swarbrick 1995). Gardner (1937) stated that filter paper can 
determine pore water pressure from -30 kPa until 100,000 kPa. However, Lu 
and Likos (2004) stated that filter paper only can measure total suction in a 
more limited range of about 1000 to 500,000 kPa, due to the high sensitivity 
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of total suction to relative humidity. They proposed a laboratory filter paper 
column for measuring transient total suction and recommended that batch-
specific calibration be undertaken to evaluate the accuracy and precision of 
total measurement under 1000 kPa.  
The SWCC is measured by repeating experiments using filter paper at 
different water contents until the measured data points can be connected to 
form a curve (Fredlund and Rahardjo, 1993). There are two types of methods 
for suction measurement. The  first method is a contact measurement in 
which stacked filter papers are placed directly in contact with the specimen, 
usually in the centre (Houston et al., 1994; Bulut et al., 2001). By capillary 
flow due to an imbalance in matric suction, water from the soil sample 
migrates to the filter paper in contact with the soil. The second method is a 
non-contact measurement which uses  a metal ring which is  placed between 
the soil surface and the paper. Water is transferred to the filter paper above 
the sample by vapor transfer. Theoretically, the contact measurement will 
determine equilibrium water content on the paper that corresponds to matric 
suction, and the non-contact measurement result  corresponds with  total 
suction. 
Despite of its low cost and simple testing setup,  there is a major drawback in 
using the filter paper method. Every single test using this method will require 
a generation process from one data point in the SWCC. This method needs a 
lot of time and effort to construct the entire SWCC. In addition, if the suction 
value is typically higher than 500 kPa and soil sample is dry, errors can occur 
due to the difficulty of making good contact between the soil and the filter 
paper (Bulut et al.,2001; Leong et al., 2002; Bulut and Wray, 2005).  
2.5.1.2 Mathematical Model to fit SWCC Data 
Direct measurement using experimental techniques can provide a series of dicrete 
data points for detemining soil-water characteristic curves. To use this data series for 
subsequent application, such as for predicting flow, stress and deformation 
phenomena, a continuous mathematical form is needed. Available data results from 
experimental techniques often only provides a small portion of the SWCC over the 
wetness range of interest in practical applications (Lu and Likos, 2004). Therefore, 
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there is a necessity for mathematical fitting equations for the SWCC that can be used 
for advanced purposes. 
Several mathematical equations have been proposed by researchers to fit the results 
of the SWCC plotted data. Some of the common equations of water content (w) and 
suction (that can be used to measure SWCC, are summarized in Tabel 2.3.  
Gardner (1958) provided an equation with two variables for defining the unsaturated 
coefficient of permeability function, that can roughly fit the soil-water characteristic 
curve. Mathematical equations with two basic variables have also been proposed by 
Burdine (1953) and Maulem (1976). They added an ‘m’ variable as a function of the 
‘n’ variable. A three-parameter equation has been proposed by van Genuchten 
(1980), giving greater flexibility than the previous equations. This equation  better 
captures  the sigmoidal shape of a typical curve. These equations are asymptotic to 
the horizontal lines in the low soil suction range and for suction beyond residual 
conditions (Fredlund, 2000). A correction factor, C, has been applied to the 
mathematical equation proposed by Fredlund and Xing (1994). The correction factor 
will enable the soil-water characteristic curve function through a suction of 
1,000,000  kPa at a water content of zero. Therefore, this equation can be applied for 
a  wider range of suction. 
Table 2.3: Summary of Mathematical Fitting Equations for SWCC Measurements  (adopted from 
Fredlund, 2000) 
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2.5.1.3 Prediction of SWCC 
The indirect prediction of SWCC using a grain-size distribution curve has been 
proposed by many researchers. The first approach used a statistical estimation of 
properties describing the SWCC from grain-size and volume-mass properties (Gupta, 
1979; Ahuja, 1985; Ghosh, 1980; Aberg, 1996). The second approach converted the 
grain-size distribution to a pore-size distribution which was then develop into a 
SWCC (Arya, 1981; Simms and Yanful, 2004). However, those two approaches 
encountered a difficulty in not having close aggreement with experimental data 
(Fredlund et al, 1997). As an improvement to these approaches, Fredlund et al. 
(1997) proposed the indirect measurement of SWCC using a mathematical equation 
to fisrt fit with the grain-size distribution chart, followed by an analysis as an 
incremental series of particle sizes from the smallest to the largest, in order to 
develop an overall SWCC. This prediction was found to be  accurate only for sands 
and silt (Fredlund et al., 1997).  
Perera et al. (2005) proposed an equation to predict SWCC using grain-size 
distribution data and plasticity index. They used multiple regression analysis to 
determine appropriate equation parameters based on predictors derived from grain-
size distribution data and plasticity index. They concluded that the proposed equation 
can be used for almost every soil type. This conclusion was also supported by 
Ganjian et al (2007) who carried out  similar reseach to predict SWCC using soil 
index properties.   
Artificial intelligence methods such as neural network, genetic programming, and 
other machine learning methods, are being used to predict SWCC. Fredlund et al. 
(1997) developed a knowledge-based system using a relational database management 
system (RDBMS) known as Microsoft’s access database program. By using this 
system, provision is made for an estimation of the SWCC, as well as the other 
unsaturated property functions, using basic soil classification data such as the grain-
size distribution, density and specific gravity. Johari et al. (2006) used genetic 
programming  (GP) to develop a model for estimation of  SWCC, using basic soil 
properties such as grain size distribution, initial void ratio and initial water content. A 
database containing the results of pressure plate tests carried out on a wide variety of 
fine grained soils was employed to develop the model. Test results were then 
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digitized and normalized to obtain the necessary database. They concluded that the 
results of SWCC prediction using GP has a superior performance when compared 
with  the results of conventional methods, due to the former system being able to be 
used for many complex soil properties, while reducing both time and cost 
requirements. 
2.5.2 Shear Strength of Unsaturated Soil   
For the unsaturated soil approach, Fredlund et al. (1978) proposed an extended 
Mohr-Coulomb failure criterion represented as follows: 
τf  = c’ + (σ - ua)f tan ’ + (ua - uw)f tan 
 b 
 (Eq. 2.6) 
where c’ is the cohesion at zero matric suction and zero net normal stress; (σ - ua)f  is 
the net normal stress on the failure plane at failure; ’  is the angle of internal friction 
associated with the net normal stress variable; (ua - uw)f is the matric suction at 
failure; and  b is an internal friction angle associated with matric suction that 
describes the rate of increase in shear strength relative to matric suction. 
The angle  b also can be considered as a component of the cohesion intercept as 
shown in Figure 2.21.a or of the shear strength intercept as shown in Figure 2.21.b. 
In the latter case, the combined intercept c is given by Eq. 2.5. 
c = c’ + (ua - uw) tan 
 b   
(Eq. 2.7) 
 
Figure 2.21: Determining of 
 b
 from chart of : 
Cohesion (c) vs. matric suction (Fredlund, 1987); 
Shear Strength vs matric suction (Fredlund et al., 1995) 
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2.5.2.1 Measurement of Shear Strength of Unsaturated Soil using Laboratory  
Modifications are needed for conventional triaxial and direct shear apparatuses for 
them to be used for testing unsaturated soils. Additional equipment for pore air 
pressure control and a high-air-entry (HAE) ceramic disk for control of matric 
suction by axis translation, have to be used. By directly controlling or measuring 
total normal stress, σ, pore air pressure, ua, and pore water pressure, uw, under 
various stress paths and drainage conditions, the dependency of shear strength and 
volume change behavior on the stress state variables, net normal stress, (σ- ua) and 
matric suction, (ua - uw), may be evaluated. 
One variation of the basic experimental setup for triaxial testing of unsaturated soil is 
illustrated  in Figure 2.22. A cylindrical soil specimen is placed on a pedestal in a 
fluid-filled confining cell, and separated from the confining fluid by a flexible 
membrane. A saturated HAE ceramic disk is placed in good contact with the bottom 
of the specimen to establish an external hydraulic connection with the pore water. A 
low-air entry (coarse) porous disk is placed between the specimen and the specimen 
top cap, to establish a similar connection for external control of the pore air pressure. 
Filter papers, fibers, or other low-air-entry materials may also be placed along the 
sides of the specimen to create additional contact area for pore air pressure control. 
Isotropic stress may be applied by pressurizing the confining fluid. An axial loading 
ram allows application of deviator stress for shear loading. 
 
Figure 2.22: Schematic Diagram of Modified Triaxial System (adopted from 
Lu & Likos, 2004) 
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The Modified Direct Shear test also can be used to measure the shear strength of 
unsaturated soil. An  illustration of a variation of the basic experimental setup for 
shear strength testing using direct shear testing equipment modified for control of 
matric suction, can be seen in Figure 2.23. A specimen is confined by a split box that 
allows the top half of the specimen to be displaced, relative to the bottom half, along 
a prescribed horizontal failure plane. A saturated HAE ceramic disk is installed in the 
base of the shear box and the entire box is enclosed in an air-tight chamber, such that 
elevated air pressure may be applied. 
 
Figure 2.23: Schematic Diagram of Modified Direct Shear Testing System 
(adopted from Lu & Likos, 2004) 
A coarse porous stone in contact with the top of the specimen allows interaction 
between the specimen and the chamber pressure. By using axis translation through 
the HAE ceramic disk, pore water pressure is maintained at a lower pressure than the 
air pressure. It will control and maintain the matric suction. The specimen is initially 
saturated and then consolidated under a vertical normal stress by the axial load. Prior 
to the shearing phase, matric suction is increased to a desired value by elevating the 
pore air pressure and measuring/controlling the pore water pressure. Net normal 
stress and matric suction are measured at equilibrium. Shear stress is imparted by 
applying horizontal load to the lower half of the shear box at a constant rate of strain. 
The build-up of shear stress and the shear stress at failure are recorded by monitoring 
the force mobilized to the top half of the shear box, as a function of horizontal strain. 
As in triaxial testing, numerous specimens may be tested under different confining or 
matric suction conditions, to have an adequate data series.  
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2.5.2.2 Prediction of Shear Strength of Unsaturated Soil  
Current studies have shown that the unsaturated soil properties can be defined using 
the soil-water characteristic curve (Fredlund and Rahardjo, 1993). One of those 
relationships that will be presented in this report is the shear strength estimation for 
an unsaturated soil from the soil-water characteristic curve by using the saturated 
shear strength parameters as the starting values.  
Figure 2.24 shows that the angle defining the relationship between shear strength and 
soil suction, b, begins to deviate from the effective angle of internal friction as the 
soil desaturates at suctions greater than the air entry value. As the soil suction 
reaches a value corresponding to the residual water content, the  b angle appears to 
approach an angle near  zero degrees, or it may even go negative.  
 
Figure 2.24: Relationship between the Soil-water Characteristic Curve and 
Shear Strength for Sand and Clayey Silt (adopted from Fredlund, 1998) 
 
Fredlund et al. (1995) proposed a model for the shear strength function for 
unsaturated soils by using the SWCC parameters, as follows: 
                             
    
    
  
 
 
         (Eq. 2.8) 
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Where: 
     
     
 
  
 
     
         
  
 
  
 
      
 
  
 
 
 
 
 
c’  =  effective cohesion  
’   =  angle of internal friction associated with the net normal stress variable 
au   =  pore-air pressure  
wu   =  pore-water pressure  
S  =  degree of saturation  
  =  suction 
e  =  natural number  
  r  =  suction corresponding to the residual water content 
 a  =  approximate air-entry value of the soil 
n  =  parameter that controls the slope at the inflection point in the volumetric 
water content function 
m  =  parameter that is related to the residual water content  
 
A comparison between the measured and computed shear strengths had been 
undertaken by Vanapalli et al. (1994). He concluded that the results indicated close 
agreement between both methods. Figure 2.25 shows the comparison made by 
Vanapalli et al. (1994). 
 
Figure 2.25: Comparison of the Computed Shear Strength Function to the 
Measured Shear Strength Function of a Compacted Sandy Clay (adopted from 
Vanapalli et al., 1994) 
The Fredlund et al (1995) model has been verified using experimental data from a 
decomposed tuff soil from Hong Kong. The verification has shown that the predicted 
shear strength for unsaturated soil using the SWCC, has strong similarity with the 
measurement data of Fredlund et al. (1995). 
 Chapter 2: Literature Review 55 
2.5.3 Permeability of Unsaturated Soil 
The permeability of  unsaturated soil is generally governed by Darcy’s law, and is 
almost similar to the flow through a saturated soil (Fredlund and Rahardjo, 1993). 
There is a ‘storage’ term being used in the unsaturated soil theory which represents 
the variation of water content with matric suction. The storage will not constantly 
depend on the suction (or water content) in an unsaturated soil. Due to the fact that 
water flows in unsaturated soil are only through the pore space that is filled with 
water, the percentage of space occupied by this void becomes very important. The 
degree of saturation or negative pore-water pressure of the soil will affect the water 
coefficient of permeability for unsaturated soil.   
2.5.3.1 Measurement of Permeability in Unsaturated Soil  
Various laboratory methods can be used for measuring the coefficient of 
permeability. All methods assume the validity of Darcy’s Law, which states that the 
coefficient of permeability is the ratio of the flow rate to the hydraulic head gradient. 
The flow rate and the hydraulic head gradient are the variables usually measured 
during a test. The various testing procedures can be categorized into two primary 
groups, namely, steady-state methods where the quantity of flow is time-
independent, and unsteady-state methods where the quantity of flow is time-
dependent.  
The steady-state method for the measurement of the water coefficient of permeability 
is performed by maintaining a constant hydraulic head gradient across an unsaturated 
soil specimen. The matric suction and water content of the soil are also maintained 
constant. The constant hydraulic head gradient produces a stady-state water flow 
across the specimen. Steady-state conditions are achieved when the flow rate 
entering the soil is equal to the flow rate leaving the soil. The coefficient of 
permeability, kw, which corresponds to the applied matric suction or water content, 
is computed. The experiment can be repeated for different magnitudes of matric 
suction or water content. The steady-state method can be used for both compacted 
and undisturbed specimens. 
Another method that can be used to measure the permeability of unsaturated soil is 
the instantaneous profile method. This method is the unsteady-state method that can 
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be undertaken either in the laboratory or in-site. The method uses a cylindrical 
specimen of soil that is subjected to a continuous water flow at one end of the 
specimen. The test method has several variations. These differ mainly in the flow 
process used and in the measurement of the hydraulic head gradient and the flow 
rate. The flow process can be a wetting process where water flows into the specimen, 
or a drying process where water flows out of the specimen. 
The water content and pore water pressure head distribution can be measured 
independently. The water content distribution can be used to compute the flow rates. 
The pore-water pressure head gradient can be calculated from the measured pore-
water pressure head distribution. The gravitational head gradient is obtained from the 
elevation difference (Klute, 1972). 
2.5.3.2 Prediction of Permeability in Unsaturated Soil 
The soil water characteristic curve can represent the relationship between the degree 
of saturation and negative pore water pressure. Therefore, the coefficient of 
permeability of an unsaturated soil can be estimated empirically by using the SWCC 
and the saturated permeability (Brooks and Corey, 1964; Kunze et al, 1968; Maulem, 
1976; van Genuchten, 1980 and Fredlund et al. 1994).  
The soil-water characteristic curve can be used to compute the coefficient of 
permeability function [kw(  )]. The following example is used to illustrate the 
technique by which the coefficient of permeability can be computed as a function of 
water content. Fredlund and Rahardjo (1993) predicted the permeability function, 
kw(  ), using following equation: 
        
  
   
                     
          (Eq. 2.9) 
          
Where: 
        = predicted water coefficient of permeability for a volumetric water 
content,        corresponding to the I th interval (m/s); 
i = interval number which increases as the volumetric water content decreases. For 
example, i = 1 identifies the first interval which is close to the saturated volumetric 
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water content,        , identifies the last interval corresponding to the lowest 
volumetric water content on the experimental soil-water characteristic curve,    
j = a counter from “i” to “m”; 
m = total number of intervals between the saturated volumetric water content,    , 
and the lowest volumetric water content on the experimental soil-water 
characteristic curve,  (i.e. m equal to 20); 
   = measured saturated coefficient of permeability;  
    = saturated coefficient of permeability (m/s); 
Ad = adjusting constant which is equal to  
  
      
 
     
 (m.s
-1
 kPa
2
)    (Eq. 2.10) 
Ts = surface tension of water (kN/m); 
  = water density (kg/m3); 
g = gravitational acceleration (m/s2); 
   = absolute viscosity of water (N.s/m2); 
  = volumetric water content at saturation or at a suction equal to zero; 
p = a constant which accounts for the interaction of pores of various sizes; the 
magnitude of “p” can be set to 2.0 (Green and Corey, 1971a and 1971b); 
N = total number of intervals computed between the saturated volumetric water 
content,   , and zero volumetric water content;  
        = matric suction corresponding to the jth interval (kPa). 
The value ksc is computed as follows: 
                         
           (Eq.2.11) 
            
 
From the above discussion, it is obvious that the development of the unsaturated soil 
theory will have a significant impact on the application of soil mechanics in slope 
stability analysis. Therefore, this research was designed to develop the application of 
unsaturated soil theory in slope stability analysis, particularly in association with 
deep cracks in soil and rainwater infiltration. Gaining a comprehensive 
understanding of this subject, will support the development of an early warning 
system for landslide hazards. 
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2.6 PREDICTION OF RAINFALL-INDUCED SLOPE INSTABILITY 
Rainfall-induced landslides are one of the most terrifying disasters that occur in 
mountainous regions around the world, especially regions that routinely experience 
heavy rainfall (Aleotti and Chowdhury, 1999; Guzzetti et al., 1999; Dai et al., 2002; 
Liao et al., 2006).  These landslides are likely to occur suddenly and are a cause of  
significant threats to communities  (Iverson 2000; Hong et al. 2006; Kirschbaum et 
al. 2009a).  
A number of studies had been undertaken to determine rainfall thresholds by 
separating the rainfall events that trigger landslides and which do not trigger  
landslides, based on historical rainfall data (Chen et al., 2005; Caine, 1980; Marchi et 
al., 2002; Alleoti, 2004; Chen, 2005; Giannecchini, 2005; Godt et al., 2006; 
Chleborad et al., 2006; Matsushi and Matsukura, 2007; Guzzetti et al., 2007; Caine, 
1980; Keefer et al., 1987)  
Various methods are currently being used for predicting slope stability by using 
simplified stability charts that are produced using various analytical approaches, such 
as universal usage design charts (e.g. Taylor, 1948; Spencer, 1967; Janbu, 1968; 
Hunter and Schuster, 1968), and local and typical usage stability charts (e.g. Fourie, 
1996; Huat et al., 2006; Michalowski, 2002; Drumm et al., 2009; Baker et al., 2006) 
Different methods and approaches have been developed and applied for the 
prediction of  landslides. A number of researchers have investigated slope stability 
by using in-situ instrument sensors to collect adequate information for landslide 
prediction (e.g. JLS, n.d.; Terzis et al., 2006; Frasheri et al., 1998; Wilkinson et al., 
2010).  
Other studies have analysed various techniques relating to slope stability to provide a 
physically based model for prediction, such as soil parameter change observations 
(e.g. Osman and Barakbah, 2006; Tohari et al., 2007; Baum and Godt, 2009; Gallage 
and Uchimura, 2010; Vieira et al., 2010), numerical analysis (e.g. Pagano et al., 
2010; Ren et al., 2010; Lin et al., 2010; Chang and Chiang, 2009) and the use of  GIS 
mapping (e.g. Sakellariou and Ferentinou, 2001). 
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2.6.1 Predictions Using Historical Rainfall Data 
From the literature, it is revealed that some approaches in predicting rainfall-induced 
slope failures use historical rainfall data to determine the rainfall threshold. The 
rainfall threshold is defined as the critical amount of rainfall, above which a landslide 
will be triggered (Reichenbach et al., 1998).   
An empirical approach is used by researchers when studying rainfall events which 
result in slope failures. For instance, Chen et al. (2005) presented a threshold chart as 
the relationship between intensity and duration of rainfall. Rainfall thresholds may 
vary from one location to another, due to this empirical method. Therefore, Muntohar 
(2008) divided rainfall thresholds into three categories, namely:   
1. Global, when rainfall data is obtained from many regions world-wide 
(e.g. Caine, 1980). 
2. Regional, when rainfall data is collected from regions with similar 
meteorological, geological and physiographic characteristics (e.g. Aleotti, 
2004; Chen et al., 2005; Giannecchini, 2005; Chleborad et al., 2006, Godt 
et al., 2006). 
3. Local, when rainfall data is recorded in local areas with specific climate 
regime and geomorphologic settings (e.g. Marchi et al. 2002). 
To aim to achieve reliable analysis, researchers have attempted to connect rainfall 
records analysis with local terrain conditions (e.g. slope angle, soil type, vegetation, 
etc) using a hydrological model (Montgomery and Dietrich, 1994; Crosta, 1998; 
Terlien, 1998). Matshushi and Matsukura (2007) established a link between 
threshold rainfall with the results of pressure-head monitoring, for investigating 
shallow landslides.  
In the empirical method, the uncertainties of the data affect the subjectivity of the 
selection threshold. Therefore, some research has been done to determine rainfall 
threshold by using a statistical based model. Guzzetti et al. (2007) determined a 
global threshold for a rainfall intensity-duration relationship using the Bayesian 
model. The equation for threshold, I=1.96 D
-0.32
, proposed by Guzzetti et al. (2007), 
is lower than the threshold proposed by Caine (1980), I=14.82 D
-0.39
, where I is 
intensity in mm/h and D is the duration in hours. 
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The rainfall threshold can also be used to predict the time of slope failure, due to the 
rainfall being a time-space function. Keefer et al. (1987) presented a threshold that 
was used in a warning system against landslides in California. However, as this 
rainfall threshold depends on the statistics of past slope failure events, the failure of 
individual slopes cannot be predicted accurately using this method.  
2.6.2 Prediction Using Simplified Stability Charts 
Slope stability charts are useful for preliminary analysis, to compare alternatives  that 
can later be examined in  more detailed analyses. Another use is for back-calculating 
strength values for failed slopes to aid in planning remedial measures. This can be 
done by assuming an FOS of unity for the condition at failure and analysing for the 
unknown shear strength. Some well-known design charts have  been published by 
Taylor (1948), Spencer (1967), Janbu (1968), Hunter and Schuster (1968).  
A stability chart also can be used to predict slope instability. Fourie (1996) 
introduced a technique to predict when the critical condition of a soil slope will occur 
during a rainfall event. In his stability charts, rainfall parameters such as intensity, 
duration and return period, are plotted, as shown at Figure 2.26. However, Fourie 
(1996) still used static analysis rather than transient analysis, and therefore did not 
consider the use of rainfall-patterns in his research.  
 
Figure 2.26: Illustration of relationship between rainfall intensity, duration and 
return of period (adopted from Fourie, 1996) 
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Others researchers have introduced stability charts for predictions, but only for local 
and typical slope condition, such as: for uniform slopes and not for soils with a zero 
frictional component of strength (Michalowski, 2002); only for steep slopes that have 
an inclination of more than 45 degrees (Michalowski et al., 2011); for residual soil 
slopes in tropical climates (Huat et al., 2006); for pseudo-static slope stability 
analysis (Baker et al., 2006); and for residual soil slopes in karst terrain (Drumm et 
al., 2009). 
2.6.3 Prediction using In-situ Instrument Sensors   
Landslide prediction using extensometers has been undertaken by JLS (n.d.). They 
predicted the timing of a slope failure by interpreting the rate of deflection measured 
by extensometers placed across tension cracks of a slope. Failure predictions rely on 
extensometers placed across scarps, and areas will be considered “off-limits” when 
the rate of movement exceeds 2 to 4 mm/hour. The extensometer is used to measure 
the relative movement by comparing the extension of two points. The extensometers 
are generally installed across the main scarp, at transverse crack and transverse 
ridges near the toe or front portion of the slide, and parallel to the suspected slide 
movement (as illustrated in  Figure 2.27). By arranging a series of interconnecting 
extensometers from the main scarp to the toe of a complex landslide that has many 
moving slide blocks, the resulting data can  aid in clearly delineating the individual 
slide blocks. Measurements should be accurate to within 0.2 mm, while the 
magnitude of the movement and daily rainfall data should be included to establish 
the relationship between the measurable movement and the precipitation rate. 
 
Figure 2.27: Simplified Diagram For Extensometer Installation 
 62 Chapter 2: Literature Review 
Terzis et al. (2006) have  proposed a network of sensor columns installed on  hills 
with landslide potential, as a main instrument to detect early movement of soil mass. 
This sensor columns calculate displacement of soil at their location, then this 
information along with others soil parameters are analysed using a finite element 
model to predict the landslide. They claim that this method could achieve a high 
degree of accuracy in simulating landslides. However, this method still has 
drawbacks in its excessive cost and results validation when applied at different 
locations. 
The geophysical application method has been used by Frasheri et al. (1998) and 
Wilkinson et al. (2010) to provide information that is significant for soil instability 
predictions. Frasheri et al. (1998) have used multiple geophysical applications, such 
as electrical sounding and seismic recording, to investigate some of Albania’s largest 
landslides. They concluded that these methodologies can be used to identify the 
boundaries of landslide occurence and the sliding plains. Wilkinson et al. (2010) 
have  used an electrical resistivity tomography only, to predict landslide occurrence 
by monitoring soil mass movement and internal hydraulic processes. Some 
electrodes have  being installed permanently on an active soil masses of landslides to 
get a time-lapse of soil resistivity data. They have succeeded in fitting the data and 
recovering the resisitivity image after electrode movement. However, despite this 
potential benefit in providing an early warning system, the results from this research 
can be used only for typical locations, and the process needs to be repeated for 
different soil masses of landslide sites. Although this method can be applied to an 
individual slope, it may give short time for possible evacuations, as the displacement 
is measured when the slope moves. 
2.6.4 Prediction Using Physically Based Model 
Osman and Barakbah (2006) investigated the unique relationships between 
vegetation attribute paramaters to slope stability. They suggested that the stability of 
a vegetation covered slope could be investigated by using soil water content (SWC) 
and root length density (RLD) parameters. They also argued that by using these  
parameters, slope failure can be predicted for  the future. 
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Some researchers have  undertaken a laboratory modelling test to clarify the 
instability processes in a soil slope by using different modes of raising the water 
level (e.g. Tohari et al., 2007; Gallage and Uchimura, 2010). Tohari et al. (2007) 
have argued that a concept of prediction methodology of rainfall-induced slope 
failure could be developed by observing the moisture content responses of model 
slopes. They suggested that periods of a second increase in the moisture content 
during particular rainfall event may be used for early warning against slope failure 
hazards (as shown at Figure 2.28). However, a comparison of the results of 
experimental research with the field measurements, still remains to be undertaken. 
Gallage and Uchimura (2010) have investigated some soil parameters that can be 
used to predict a rainfall-induced embankment failure. By using a number of 
instrumented laboratory-scale soil embankment slopes, they succeeded in observing 
that slope displacement and moisture content/pore water pressure near the toe, can be 
used for a physically based warning system of slope instability. 
 
Figure 2.28: The conceptual prediction methodology for rainfall-induces slope 
failure based on moisture content measurements (adopted from Tohari et al., 
2007) 
 
Rainfall databases and real-time monitoring of soil moisture have been used in some 
research (e.g. Baum and Godt, 2009; Vieira et al., 2010) to provide an early warning 
system for landslide occurrence. Vieira et al. (2010) has proposed a physically based 
model for landslide prediction, this model having the advantage of using of 
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mathematical equation for in process  analysis. The model has  been called a  
TRIGRS Model (Transient Rainfall Infiltration and Grid-based Regional Slope-
Stability). 
Some researchers have used a combined method with numerical analysis, such as 
Pagano et al. (2010), Ren et al. (2010), Lin et al. (2010), Chang and Chiang (2009). 
Pagano et al. (2010) proposed a simple method to predict rainfall-induced landslides 
by using a simple 1D numerical approach. They argued that the results have potential 
benefits for early warning systems. As explained in their paper, the proposed 
methodology assesses the effects of infiltration and then predicts the critical 
condition of instability occurrence by investigating the water content and the pore 
water pressure changes. Databases of rainfall history, current presipitation and soil 
parameters, are needed for this analysis.  
Ren et al. (2010) presented a modelling system (SEGMENT) that can estimates the 
potential for landslides over a regional area. They stated that this modelling system 
has advantages in applying comprehensive 3D modelling analysis. However, to run 
this model, some parameters needed are not readily available even in modern 
geological maps, such as vegetation loading and root distribution in soils and 
weathered rock. Therefore, a local site investigation is still needed to gain the 
potential benefits from this advanced modelling system analysis. 
Lin et al. (2010) studied rainfall induced landslide possibilities by using a two 
dimensional finite element seepage and deformation analysis method at the Lu-Shan 
landslide location in China during the torrential rainfall associated with the Matsa 
Typhoon in 2005. Subsequently, the result were verified with field measurements 
and used to evaluate the factor of safety. Lin et al. (2010) stated that this quantitative 
approach has significance in the development of landslide warning systems.  
Chang and Chiang (2009) introduced a novel method for predicting rainfall-induced 
landslides by integrating a deterministic slope stability model and a statistical model. 
They claim that this new model has the advantage of including rainfall duration in 
addition to rainfall intensity parameters. Also, this model can integrate topographic 
and soil properties into the analysis. However, due to the use of radar-derived data, 
this  model still has drawbacks with an incompatibility of scale or resolution between 
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the  soil layer scale and geology layer scale. Therefore, the best use of this method is 
for large areas.   
Application technology of geographical information systems (GIS) has been used by 
Sakellariou and Ferentinou (2001) in evaluating slope stability. The research 
produced a landslide hazard zonation map by analyzing selected parameters such as, 
lithology, annual rainfall, slope angle, and elevation. They concluded that the use of 
GIS technology can be used to predict where failures are likely to occur. However, it 
is still difficult to indicate when the failures are going to happen. Therefore, they 
concluded  that the most significant application of their reseach was in providing the 
landslide hazard zonations for investigatation of large-scale areas.   
To overcome some weaknesses in earlier landslide prediction methods, such as the  
interaction of rainfall and local topography, reduced availability of soil parameters 
over large and complex areas, uncertainties of physical parameters (Chang et al., 
2008; Chang and Chiang, 2009), many researchers have developed a more complete 
method of prediction by combining the benefits of earlier approaches into one 
method (Hong and Adler, 2007; Montrasio and Valentino, 2008; Chang and Chiang, 
2009; Liao et al., 2010). These approaches have used updated technologies such as 
satellite-based global rainfall estimations and remote sensing systems, to gather data 
in real time, including site topography and rainfall intensity. This approach is 
necessary when the developed prediction system aims to cover large areas and be 
applicable in different regions. However, those real-time predictions appear to be 
very expensive when used for selected local area coverage only. Despite extensive 
researches in physically based model, there are only a few research applying the 
mechanism of rainwater induced slope instability in the model analysis.  
2.7 SUMMARY 
This review of rain-induced slope stability covers the basic knowledge in 
mechanisms of rainwater infiltration into unsaturated soil slopes. A lot of research on 
rainfall-induced instability of slopes has been conducted using field studies, 
laboratory experiments and numerical analyses. From this review, numerical analysis 
is suggested as being the most efficient and effective.  However, the validity of  
predicted parameter in numerical analysis needs further certification.  
 66 Chapter 2: Literature Review 
The review of various slope stability analyses that are most commonly used by 
geotechnical practitioners has provided a better understanding of soil slope stability 
concepts, from classical theory to recent methodologies. However, the review 
highlights that there have been few investigations on the effects of actual saturation 
conditions of the soil mass on slope stability. As the major portion of soil mass 
involved in slope instability takes place when the soils is still in an unsaturated 
condition, there is a need to achieve a better knowledge and understanding on 
pratical application of the unsaturated soils on slope stability.  
Subsequently, this review focused on the issue of rain-induced instability of slopes 
with deep cracks. The review provides a basic understanding of the relationship 
between soil cracks and soil slope stability, based on earlier research, including a  
discussion of  how  cracks can affect the slope stability, and how to detect and 
quantify the cracks in slopes. However, there is little research reported in the 
literature on the occurrence of deep cracks in soil slopes and no explicit explanations 
of the relationship between deep cracks with changes in the safety factor of slopes. 
The limited availability of deep crack data may be due to the difficulty of developing 
effective investigative methods for deep crack related research. Current technology 
in electrical resistivity can be used to detect deep-cracks in soils. 
The component of the review focused on the saturated and unsaturated soils 
properties reveals basic differences between saturated soil and unsaturated soil. 
Current research on the measurement and prediction of unsaturated soil properties is 
also discussed. Subsequently, the discussion on soil slope stability focused on the 
key factors that affect the instability of soil slopes. From this review it is emphasized 
that the development of unsaturated soil mechanics will potentially have a significant 
impact in slope stability analysis.  
The last part of this literature review has focused on the issue of prediction of soil 
instability. Although there is an abudance of research on this area of study, there has 
been very little research reported to date addressing the issue of real-time predictions  
using the mechanism of rainwater induced slope instability and local (in-situ) rainfall 
data.  
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Related to its focus on the presence of cracks on residual soil slopes in tropical areas, 
this study aims to address the issue of the lack of research on at least three topics, 
namely:  
 alternative method that can be used for detecting deep cracks in soil slope;  
 practical application of unsaturated soil theory in slope stability analysis, 
particularly related to deep crack and rainwater infiltration in soil slope;  
 real-time prediction using mechanistic method and real-time data. 
Subsequent chapters in this research was organised to represent all efforts conducted 
to brigde the above knowledge gaps. 
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Chapter 3: Research Design and Tools  
3.1 INTRODUCTION 
The literature review presented in Chapter 2 revealed that some knowledge gaps 
were found at topics related to rain induced slope instability of unsaturated residual 
soil associated with soil crack. This chapter discusses the research design and tools to 
address the research gaps.  
Section 3.2 presents the selection of research method, followed by the selection of a 
critical slope and field investigations in Section 3.3. Section 3.4 discusses the 
laboratory soil testing including: soil classification test, permeability test, SWCC test 
and shear strength and elastic properties of soil test. Section 3.5 discusses the process 
to collect past earthquake and rainfall records and to predict future rainfall. 
Subsequently, Section 3.6 presents the technique to analyse field geophysical test 
data and bore-hole test data for locating possible deep cracks. In the following 
Section 3.7, numerical analysis using GeoSlope 2007 is elaborated. Finally, the 
proposed prediction method for slope stability and warning against slope instability 
is presented in Section 3.8. 
3.2 SELECTION OF RESEARCH METHODS 
The literature review on methods of detecting deep cracks in soil slope, practical 
application of unsaturated soil analysis in slope stability analysis, and prediction of 
slope failures has lead to the identification of the following knowledge gaps: 
1. There is a need to investigate alternative method that can be used for 
detecting deep cracks in soil slope 
2. There is limited or lack of study on practical application of unsaturated soil 
theory in slope stability analysis, particularly related to deep crack and 
rainwater infiltration in soil slope 
3. There has been very little research reported to date addressing the issue of  
addressing the real-time prediction using mechanistic method and real-time 
data 
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To address these research gaps, four research questions and related four research 
objectives were developed as listed in Table 3.1. To answer the research questions 
and achieve the research objectives, three research methods were selected, namely: 
 Field observation 
 Laboratory soil test 
 Numerical Analysis 
 
Table 3.1: The linkage from the research gaps to used main methods. 
Knowledge Gaps Research Question Research Objectives Main Methods 
1. There is a need to 
investigate alternative 
method that can be used 
for detecting deep 
cracks in soil slope 
1. Is it possible to use 
Electrical Resistivity 
Tomography (ERT) to 
detect sub-surface 
cracks? 
1. Evaluation of the use of 
geophysical methods for 
detecting deep cracks in 
residual soil slopes 
1. Field Observation 
 
2. Laboratory Soil test 
 
2. There is limited or lack 
of study on practical 
application of 
unsaturated soil theory 
in slope stability 
analysis, particularly 
related to deep crack 
and rainwater 
infiltration in soil slope. 
2. How to model and 
analyse the stability of 
unsaturated residual soils 
associated with deep 
cracks and subject to 
rainwater infiltration? 
2. Understanding stability 
analysis of unsaturated 
soil slopes with deep 
cracks and subjected 
rainfall infiltration. 
3. Numerical Analysis 
3. What are the effects of 
cracks, their location, 
and depth, on the 
stability of slopes? 
4. Evaluation of the effects 
of cracks, their location 
and their depth, on slope 
stability 
3. There has been very 
little research reported 
to date addressing the 
issue of  addressing the 
real-time prediction 
using mechanistic 
method and real-time 
data 
4. How to use the factor of 
safety (FOS) of a slope 
for providing warnings 
against its rain-induced 
failure? 
5. Development of 
procedures for the real-
time prediction of the 
rain-induced instability of 
slopes, and validation of 
the applicability of the 
proposed method. 
 
 
Those main methods are then elaborated in the following procedures:  
 Identify a natural residual soil slope that is vulnerable to rain-induced 
instability, and potential human casualties as a result of the failure/collapse of 
the slope.   
 Conduct of field surveys and tests to obtain geometrical details of the slope, 
soil samples for laboratory testing, water table location, water content of the 
soil,  deep crack locations and orientation 
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 Perform laboratory tests on collected soil samples to determine soil 
classification parameters, unit weight, water content, saturated/unsaturated 
shear strength parameters, saturated/unsaturated hydraulic properties, elastic 
and dynamic properties, of the soil in each soil layer. 
 Collect rainfall and earthquake records for the area for at least five years. Past 
and current rainfall data would then be used for predicting future annual, 
daily, and hourly rainfall.  
 Analysis of geophysical data to identify the crack locations and their 
orientations. In this research, an attempt was made to verify the identified 
crack locations using bore-hole test results and numerical dynamic analysis 
using QUAKE/W, assuming the cracks to have been generated by 
earthquakes. 
 The slope was then be modelled and analysed using SEEP/W (2D finite 
element software) to obtain pore-water pressures in the slope due to transient 
seepage caused by rainfall. The stability analysis of the slope using 
SLOPE/W (2D limit equilibrium method based software) was undertaken by 
coupling with the results of SEEP/W to observe the variation of the stability 
(factor of safety – FOS) of the slope with time. The real-time calculated FOS 
was then used to forecast potential future failure/instability of the slope. 
The remaining sections of this chapter discuss each procedure in more details. 
3.3 SELECTION OF A CRITICAL SLOPE AND FIELD 
INVESTIGATIONS 
A ‘critical slope’ refers to soil slope that highly susceptible to landslide or slope 
failure that ranges in its potential effects from being a temporary nuisance as a result 
of the  partial closure of a roadway, to destroying physical structures, or being 
potentially catastrophic and even burying towns or cities. Hunt (2005) stated that the 
potential of slope failure can be evaluated in terms of the degree of the hazard and 
risk.  
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’Hazard’ relates to the potential magnitude and probability of occurrence of slope 
failure. The criteria for classification of hazards range from ‘no hazard’, which has a 
small magnitude and low probability of occurrence, to ‘high hazard’ which has a 
large magnitude and high probability of occurrence. The ‘hazard’ in slope failure 
depends on a number of complex variables (Hunt, 2005), which can be grouped as 
follows: topography (e.g. inclination and height), geology (e.g. material structure and 
strength), weather (e.g. seepage forces and run-off quantity and velocity), and 
dynamic activity (e.g. traffic and earthquake phenomenon). Among those four 
categories, topography is the one that is most easily changed, due to external causes 
such as cutting during construction activity, past erosion or landslides, deformation 
due to tectonic or earthquake movement, and filling of the top of the slope.  
‘Risk’ relates to the impact on human activities, and can be rated as being ‘low’ 
when it does not directly endanger lives and/or property, and ‘high’ when lives are 
endangered at the time of a landslide. Therefore, very critical slope conditions are 
associated with a combination of high hazard and high risk. For instance, a slope that 
involves a large volume of material and which is likely to fail in the near future and 
endanger vital infrastructure and potentially cause human casualties, will be rated as 
‘a very critical slope’ that needs to be monitored.  
3.3.1 Land Survey  
Once a critical slope is identified, a land survey should to be carried out on the slope 
to obtain geometrical information, including slope angle and the length of the slope. 
Further, the survey can also be used to define the location of existing infrastructure, 
including roads and buildings, as well as the presence of river and the boundaries of 
the slope.     
The main equipment used in such surveys includes a total station, a levelling 
apparatus, and a global positioning system (GPS) device. The total station is an 
electronic theodolite integrated with an electronic distance meter (EDM); the device 
can be used to measure angles and horizontal and inclined distances. The levelling 
device and graduated staff can be used to measure the elevation of different locations 
on a slope. The location of the investigation points and time of survey can be 
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obtained from a space-based global navigation satellite system by using a GPS 
device. 
3.3.2 Bore-holes and Standard Penetration Test (SPT) 
A number of bore-holes needed to be made at locations along the slope. Undisturbed 
soil samples were taken at regular intervals (1- 2 m) for laboratory testing, to 
determine the soil classification and soil physical properties, saturated/unsaturated 
shear strength properties, saturated/unsaturated hydraulic conductivity properties, 
and elastic properties of the soil. While drilling the bore holes, the Standard 
Penetration Test (SPT) can be performed at different depths in each bore hole. The 
SPT results can indicate the relative density of soil. Soil strength parameters can be 
inferred from the SPT results, to identify the below-ground conditions. SPT values 
profiles, together with classification and physical soil properties with increasing soil 
depth, can be used to determine the sub-soil stratification of the slope. 
The bore-hole tests were undertaken to a depth of 20 m to obtain reliable result using 
the ‘wash boring’ method. Water is pumped through boring rods to loosen and break-
up the soil. The boring rod installation is attached to a rig consist of a power unit, a 
winch and a water pump. Prior to soil sampling, the bore holes are drilled to the 
preferred depths for soil sampling.   
Undisturbed soil samples were taken using a Shelby tube sampler. This sampler 
consists of a thin-walled tube with a cutting edge at its toe. When the borehole is 
advanced to a desired depth, the drilling rods are removed and a tube sampler with a 
contracting tube head is then attached to the drill rod. By using a pressure power unit, 
the tube sampler is driven into the soil at the bottom of the borehole until soil fills the 
tube. The full tube sampler is then taken from the bore hole, sealed, and delivered to 
the laboratory for further detailed study. An undisturbed sample is needed for soil 
classification and for the conduct of a triaxial test. This soil sampling testing 
followed the Standard Practice for Thin-Walled Tube Sampling of Soils for 
Geotechnical Purposes (ASTM D 1587).  
SPT is undertaken in bore-hole locations using the split-barrel sampler to measure 
the resistance of soil to penetration (N-value) using a 63.5 kg hammer falling 0.76 m. 
The hole is drilled to the desired sampling depth and all residual material is flushed 
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out. The split-barrel sampler attached to the A-rod is then inserted into the hole until 
it is sitting at the desired depth. Three successive 0.15 m increments are marked on 
the drill rod to monitor penetration. After attaching the drive weight assembly, the 
63.5 kg hammer is lifted approximately 0.76 m from the top of the drill rod, to be 
then dropped repeatedly. The hammer should be operated at between 40 and 60 
blows per minute and should drop freely. The driving is continued until either 0.45 m 
has been penetrated or 100 blows has been applied. The number of blows for each 
0.15 m of the penetration is recorded, with the first 0.15 m increment being the 
"seating" drive, and the sum of blows for second and third 0.15 m increments being 
termed "penetration resistance or "N-value". If the total blow count exceeds 100, the 
test has to be terminated, with the number of blows for the last 0.30 m of penetration 
being recorded as the N-value. If less than 0.30 m is penetrated in the 100 blows, 
then the depth penetrated has to be recorded and the number of blows recorded. 
Reference procedures from ASTM D1586 - 08a (Standard Test Method for Standard 
Penetration Test (SPT) and Split-Barrel Sampling of Soils, were followed for this 
test. 
3.3.3 Electrical Resistivity Survey  
The electrical resistivity of the subsoil can be used to identify the location and 
geometrical information relating to subsoil cracks. The soil resistivity can be affected 
by soil water content, porosity, and clay content. Sub-soil cracks can be associated 
with high porosity and high water content in wet seasons, providing low resistivity. 
Many researchers have confirmed that this investigative technique can be used to 
detect soil cracks (Samouelin et al, 2003; Friedel et al., 2006; Oh and Sun, 2007; 
Tabbagh et al., 2007; Zhu et al., 2009; Sudha et al., 2009). Electrical Resistivity 
Tomography (ERT) is one of the promising electrical resistivity methods which 
provide an electrical resistivity image of the subsurface soil (Colangelo et al., 2008). 
There are two ERT’s array models which can potentially be applied for this purpose, 
namely - Dipole-dipole array and Azimuthal array. 
(a) Dipole-dipole Array Method 
Dipole-dipole array is recommended for use in deep crack detection that takes into 
account of the following facts:   
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- It provides the highest resolution and is more sensitive to vertical resistivity 
boundaries than other arrays (Griffiths and Barker, 1993; Zhu et al., 1999; 
Santos et al., 2009).  
- It is more efficient in delineating the direction of faults when compared with 
other arrays (Santos et al., 2009).  
- It is suitable for vertical structures, vertical discontinuities, and cavities 
(Hack, 2000).  
- It produces a better lateral extension of the subsurface features 
(Neyamadpour et al., 2010).   
An ERT survey using the Dipole-Dipole array can be conducted on the profile lines 
on the slope. As shown on Figure 3.1, a set of current input electrodes (labelled C1 
and C2) and a set of voltage measurement electrodes (labelled P1 and P2) are put in 
place. The spacing between the C1 and C2 electrodes is denoted as "a". The P1 and 
P2 electrode pair with equal spacing is placed collinearly at distance "n.a" away from 
C1 and C2, where "n.a" is a distance equal to an integer multiple of “a”. The 45-
degree angle is used to plot the pseudo section data point (Van Blaricom, 1980). The 
electrical current is activated to measure soil resistivity which is recorded using the 
resistivity meter device.   
 
Figure 3.1: Basic Dipole-dipole array method configuration (adopted from Van 
Blaricom, 1980) 
 
The next step requires that the electrodes are moved across the surface, following 
marked locations to measure all subsurface data points. For example, Figure 3.2 
illustrates the 3
rd
 step of taking measurements to get data at selected locations;  
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whereas C1 and C2 are inserted in the same poles, the  P1 and P2 electrodes are 
moved to pole numbers 5 and 6. The measurement process using the Dipole-Dipole 
array along a selected profile line is continued for all data points. Subsequently, data 
from the resistivity meter is processed using the Res2Div program to generate the 
inverted resistivity depth image for the selected profile line. 
 
Figure 3.2: Third measurement step using the Dipole-Dipole array method 
(adopted from Van Blaricom, 1980) 
(b) Azhimuthal Square Array Method    
In general, the nature of anisotropy can be seen from the existence of cracks in a 
layer of soil. The Azimuthal square array resistivity technique is applied to determine 
the direction of vertical cracks in a soil (Senos-matias, 2002; Busby & Jackson, 2006 
and Schmutz et al., 2006). This method characterizes the soil crack by using minor 
resistivity, which indicates the angle direction of the soil crack and the influential 
depth of the crack zones. This measurement is obtained by inserting four electrodes 
into the ground following the square array illustrated in Figure 3.3. Two current 
electrodes are placed on pole A (C1) and B (C2). Two potential electrodes are then 
inserted on M (P1) and N (P2). In this square array, the measurement point is located 
at the centre of the square.  
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Figure 3.3: Azimuthal square array configuration (from Habberjam & Waklins, 
1967) 
The observation depth that can be achieved using this method is related to the length 
of “a” being used. The plot of pseudosection data points is located at a 45-degree 
angle from the horizontal line between the electrode pole and the centre. Therefore, 
the depth of the measured data point (D) will be determined by:  
     
 
 
            (Eq. 3.1) 
In accordance with the electrode configuration of the square array as shown in Figure 
3.3, the value of apparent resistivity a is calculated as: 
       
 
    
 
 
    
   
 
    
 
 
    
  
   
   
  
 
   
  (Eq.3.2)
 If,          
    
  
    
    
    
  
    
  
   
   
Then, the value of apparent resistivity becomes: 
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
         (Eq. 3.3) 
Where: 
 a  = resistivity ( m) 
 K  = geometric factor   
 V  = potential  difference between P1 and P2 (volts) 
 I = electric current (amps)  
Furthermore, the geometric factor, K, can be substituted with the side length of 
square (a): 
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  (Eq. 3.4) 
(Habberjam and Waklins, 1967) 
 
Changes in the rotation angle (azimuth) can be made in 15
o
 increments to 360
o
, in 
accordance with the rules of the British National Grid (BNG). Therefore, 24 parts 
with different resistivity values can be obtained at every depth.  
This azimuthal resistivity method will produce decreasing resistivity values if there is 
a crack inside the subsurface layer. Such a medium is called anisotropic and will 
produce an ellipse resistivity value plotted in polar coordinates, as shown in Figure 
3.4a. If the observed ground has an isotropy medium, the relationship will be seen as 
rounder, as illustrated in Figure 3.4b. 
 
Figure 3.4: Polar graphics of azimuthal square array result  
 
The direction of the observed crack can be determined by viewing the results of a 
polar graph at each point of measurement, with the direction of the crack coinciding 
with the minor axis (Habberjam and Waklins, 1967). If the polar graph is an ellipse-
shape, then a crack can be found. For example, in Figure 3.5, the direction of the 
crack is in the direction 280
0
 – 1000. 
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However, Busby and Jackson (2006) have stated that to be assumed as anisotropy, an 
ellipse polar graph has to have a coefficient of anisotropy of more than 1.16, based 
on the ratio by Keller and Frischknecht (1979): 
   
  
  
        (Eq. 3.5) 
 
Where: 
                
                    
 
Figure 3.5: Example of polar graph of apparent resistivity with major and 
minor axis determining the crack direction (adapted from Senos-Matias, 2002). 
 
3.4 LABORATORY SOIL TESTING  
Soil samples taken from the field were tested in the laboratory to determine their 
classification, physical properties, and saturated/unsaturated properties such as shear 
strength, permeability, and elasticity. These parameters are needed to identify the 
different sub-soil layers, and for the numerical analyses of the slope using SEEP/W, 
SLOPE/W and QUAKE/W.  
3.4.1 Soil Classification Test  
The main purpose of the soil classification test is to determine the type of soil 
layering. The results of soil layering are used for basic input data on the soil slope’s 
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initial condition in numerical modelling analysis. A limited number of samples were 
collected from boreholes, with some soil tests (such as permeability, soil water 
characteristic curve (SWCC), shear strength and elastic parameters), being 
undertaken in locations that were representative of each soil layer. 
Firstly, soil layering was determined using the guidelines of the Unified Soil 
Classification (USCS). Subsequently, the results were augmented using simple 
analysis of other soil parameters such as unit weight, specific gravity, and porosity. 
USCS was used due to its familiarity and ease of use for soil type classification.  
Using the USCS system, soils are classified into one of three major categories - 
coarse grained, fine grained, and organic soils. These categories are further sub-
divided into 15 basic soil groups. The main symbols used in this system of 
classification are G (gravel), S (sand), M (silt), C (clay), O (organic), PT (peat), W 
(well graded) and P (poorly graded). 
Soil type is symbolized using two alphabet symbols. For example, in the USCS 
plasticity chart (see Figure 3.6), SW indicates well-graded sand; ML represents a silt 
soil with low plasticity; CH is the symbol for clay soil with high plasticity. To use 
this system, soil parameters have to be determined first, such as grain-size 
distribution, liquid limit, and plasticity index. Subsequently, the soil can be classified 
using USCS. ASTM D 2487-00 is the reference for this system.  
 
Figure 3.6: Plasticity Chart (adopted from Casagrande, 1948) 
 
 Chapter 3: Research Design and Tools 81 
In accordance with the ASTM test method and specifications, the following 
classification and physical property tests are conducted on the soil samples collected 
at different depths in the soil slope:   
 Specific Gravity (ASTM D854 Specific Gravity of Soil Solids by Water 
Pycnometer) 
 Density/unit weight (ASTM D4254 Minimum Index Density  and Unit Weight 
of Soils and Calculation of Relative Density) 
 Grain Size Analysis (ASTM D422 Particle-Size Analysis of Soils and ASTM 
D6913)  
 Particle-Size Distribution/Gradation of Soil using Sieve Analysis) 
 Atterberg Limit (ASTM D4318 Liquid Limit, Plastic Limit, and Plasticity 
Index of Soils and ASTM D4943 Shrinkage Factors of Soils by the Wax 
Method) 
3.4.2 Permeability Test 
Permeability function (the variation of permeability with suction or water content) as 
shown in Figure 3.7, is a necessary parameter for transient seepage analysis. Since it 
is time consuming process and needs an advanced permeameter to measure the 
permeability function of unsaturated soils, this study used the saturated permeability 
coefficient of the soils with their Soil Water Characteristic Curve (SWCC). SWCC is 
the relationship between volumetric water content and soil suction, to predict the 
permeability function of unsaturated soils using the available predictive models 
(Fredlund & Rahardjo, 1993; Green & Corey, 1971; Van Genuchten, 1980). 
The Falling Head method was used to measure the permeability coefficient of soils in 
this research. The reference procedure for the Falling-Head test is outlined by Head 
(1980) and was followed in this research. Figure 3.8 shows the falling head 
permeameter used in this study. This approach can be used for undisturbed soil 
samples having a diameter of 10.2 cm and height of 11.6 cm. 
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Figure 3.7: Variation of permeability with suction or water content (adopted 
from Rahardjo et al., 2003b) 
 
Figure 3.8: Falling head permeameter 
 
3.4.3 Soil Water Characteristic Test  
A soil-water characteristic curve (SWCC) represents the relationship between the 
amount of water and soil suction. The amount of water in the soil can be presented in 
terms of gravimetric water content (w), degree of saturation (S), or volumetric water 
content ( This research used the volumetric water content approach, the 
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calculation of which is based on the ratio of volume of water to total volume. The 
resulting curve is a basic parameter in the prediction of unsaturated soil properties 
such as shear strength and permeability (Fredlund, 1998). The SWCC with saturated 
permeability coefficients of a soil can be used to predict the permeability function of 
soils (Fredlund et al., 1994).   
There is a relatively simple, low cost, and reasonably accurate alternative for suction 
measurement using filter paper. The measurement using filter paper can be applied 
using a “contact” technique for matric suction or a “non-contact” technique for total 
suction. The accuracy of this method of investigation was investigated by Lu and 
Likos (2004) by conducting an analysis to evaluate the non-contact filter paper 
method performance. They concluded that the accuracy of the non-contact filter 
paper method is as much as 11% less accurate at relative low values of total suction 
and 4% less accurate at relatively high values of total suction.  
In this research, a direct laboratory method called ‘contact filter paper method’ was   
used to measure matric suction (Houston et al., 1994; Bulut et al., 2001). As shown 
in Figure 3.9, a stack of three filter papers (Whatman #42) is used. Once the filter 
papers equilibrate with the moisture content of soil samples, the water content 
(gravimetric) of the middle filter paper is determined my measuring its weight using 
a precise balance with 0.0001g accuracy. The matric suction of the soil 
corresponding to the filter paper water content is obtained using the calibration chart 
of Whatman #42 filter paper given in Figure 3.10 (Lu and Likos, 2004).  
 
Figure 3.9: Contact filter paper methods for measuring matric and total suction 
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Figure 3.10: Calibration Curves for Whatman #42 and Schleicher and Schuell 
#589 filter papers (ASTM D5298, ASTM 2000) (after Lu and Likos, 2004) 
 
The volumetric water content of soil (w) corresponding to the measured suction can 
be calculated using its gravimetric water content (wc), degree of saturation (S) and 
specific gravity of soil solids (Gs) (Fredlund and Rahardjo, 1993).  
   
     
      
       (Eq. 3.6) 
 
Bowles (1978) had earlier suggested a simpler calculation by using water content 
(wc) and dry density of the soil (d).  
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Assuming that          kg/m
3
, then the volumetric water content can be 
determined using: 
     
  
    
       (Eq. 3.10) 
 Chapter 3: Research Design and Tools 85 

Where (for Eq. 3.7 to 3.10) 
S = degree of saturation [%] 
Gs = specific gravity of soil solids   
Vw = volume of water present in the soil mass [m
3
] 
Vt = volume of total soil [m
3
] 
Ww = weight of water [kg] 
Ws = weight of soil solids [kg] 
d = dry unit weight [kN/m
3
]
w = density of water [kg/m
3
] 
d = dry density of soil [kg/m
3
] 
wc = water content of soil [%] 
A minimum of 7 days is needed to equilibrate the water content. Whatman # 42 filter 
paper is used in this research, with the reference procedures for this test being ASTM 
D5298 and ASTM 2000. This procedure is repeated for different soil water contents 
to obtain SWCCs of the soil, following drying and wetting paths, as shown in Figure 
3.11.  
 
 
Figure 3.11: Typical graph of SWCC (adopted from Fredlund et al., 1994) 
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3.4.4 Shear strength and Elastic Properties of Soil  
In this research, it was anticipated that it would be possible to calculate the stability 
(FOS) of the residual soil slope when subjected to rainfall. Therefore, the shear 
strength parameters and their variation with soil suction/water content need to be 
determined under laboratory conditions. Further, this study attempts to simulate the 
location and the orientation of cracks in the slope by dynamic analysis using typical 
earthquake records in the area, assuming the cracks in the slope to have created by 
earthquakes. The properties of the soil are needed (measured or predicted) for use in 
the dynamic analysis of the slope.   
3.4.4.1 Direct Shear Test  
Unsaturated shear strength () of soil as defined by equation 3.11 (Fredlund et al., 
1978) are used in this study. 
'tan nc                                                                                      (Eq. 3.11) 
b
wa uucc tan)('              (Eq. 3.12) 
where: 
'c  = the effective cohesion [kPa] 
c = apparent cohesion [kPa] 
'  = the effective friction angle [degree] 
au  = the pore-air pressure [kPa] 
wu  = the pore-water pressure [kPa] 
n  = net normal stress [kPa] 
b = the angle defining the increase in strength due to the negative pore-water 
pressure [suction] 
 
Shear strength parameters such as c’, ’, and b should be measured in a laboratory 
using either a direct shear or trixial apparatus which is capable of testing soil samples 
under constant suction. However, a conventional direct shear apparatus was used in 
this study to measure the shear strength parameters from soil samples collected from 
the slope in the study area. Although it is acknowledging that the triaxial apparatus 
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would have been most appropriate, the conventional direct shear apparatus was 
chosen for the study for the following reasons:  
 The failure along the shear plane in direct shear apparatus is relatively close 
to the failure of a slope along its failure surface,  
 Less time consuming;  
 Inexpensive; 
 Availability of the apparatus 
It was planned to obtain the shear strength parameters of soils at different moisture 
contents and then use the SWCC of the material to identify the variation of shear 
strength parameters with suction. To obtain c and ’ for a given water content (or 
suction) of soil, three tests on three identical soil samples (the same density and 
water content) were conducted with variation in the normal stress (e.g. with applying 
load of 2 kg, 4 kg and 8 kg). As shown in Figure 3.12, the maximum failure shear 
stresses are then plotted with the corresponding normal stress to obtain c and ’ for a 
given water content. By applying a fast loading rate and neglecting sample volume 
changes during loading, it is assumed there was a constant water volume, the same as 
the initial volumetric water content during shearing. Using the SWCC, which is 
measured for the same density, the suction corresponding to the volumetric water 
content can be obtained. Repeating this testing procedure for soil samples with 
different water contents (different suctions) but with the same density, the variation 
of c with the suction can be obtained and then used to obtain b as shown in Figure 
3.13. It is important to measure these shear strength parameters for the in-situ density 
of soils. 
Figure 3.14, shows the direct shear apparatus that was used in this research. This 
apparatus can accommodate samples with the diameter of 51 mm and a height of 25 
mm. A strain-controlled test is applied to one-half of the shear box by a motor. The 
constant rate of shear displacement is monitored by using a horizontal dial gauge. A 
horizontal proving ring is used to measure the resisting shear force of the soil 
corresponding to any shear displacement. 
The method outlined in ASTM D3080 (Direct Shear Test of Soil Under Consolidated 
Drained Condition) was followed when conducting the direct shear test in this study. 
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(a) 
 
(b) 
Figure 3.12: Typical result of direct shear test 
 
 
Figure 3.13: Typical chart for C’ and b investigation 
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Figure 3.14: Direct shear apparatus 
3.4.4.2 Triaxial Test 
In this research, an attempt was made to compare the size and the location of soil 
cracks detected in the slope by field and geophysical methods, with the results of 
dynamic numerical analysis using QUAKE/W. To perform dynamic numerical 
analysis using QUAKE/W, the soil stiffness and damping properties are required. 
The soil stiffness properties, such as modulus of elasticity (E) and poisson’s ratio (v), 
can be obtained by laboratory triaxial tests. The shear modulus (G) of a soil can be 
calculated from Eq. 3.3 using E and v.     
     
 
      
     (Eq. 3.13)  
 
Figure 3.15 shows the conventional triaxial appratus used in this study. This 
apparatus is for sample sizes D 50 mm and D 35 mm, and is equipped with a strain 
controlled loading appliance and manual logging process. Some measurement 
apparatus that were used in this research included the following: 
- Vertical loading appliance; 
- Vertical load measuring appliance (capacity of proving ring: 200 kg); 
- Vertical displacement measuring appliance (a dial gauge of 30 mm working 
length and  accuracy of 1/100 mm) 
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Figure 3.15: Triaxial Test Apparatus 
The triaxial test is performed using the following standard as outlined in the ASTM 
D2850 Consolidated-Undrained Triaxial Compression Test. 
 
Modulus of elasticity are determined using the nature of variation of the deviator 
stress (1-3) with axial strain (  ) from the laboratory triaxial compression test, as 
shown in Figure 3.16.  
 
Figure 3.16: Definition of Soil Modulus from Triaxial Test Result (adopted 
from Das, 2005) 
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3.5 COLLECTING PAST EARTHQUAKE AND RAINFALL RECORDS OF 
THE AREA AND PREDICTING FUTURE RAINFALL 
Prior to stability analysis of slope stability subjected to earthquake and rainfall 
infiltration, the collection of relevant records of earthquake and rainfall data is 
needed. Relevant data during the period of the investigation can be measured directly 
in the field, or obtained from the relevant local or international data-base institutions. 
There are many agencies that store and maintain earthquake data, including The US 
Geological Survey (USGS) in Virginia, The Pacific Earthquake Engineering 
Research Centre (PEER) at the University of California, Berkeley, and The Japan 
Meteorological Agency in Tokyo. Most of these institutions provide access to their 
databases via the internet and most contain global earthquake data. By submitting 
information relating to the location under investigation, range of magnitude, type of 
movement, etc., the websites will provide all available earthquake data. From these 
records, the most significant earthquakes can be chosen to obtain more detailed 
information, including graphs and/or digital data relating to the earthquakes. One 
type of record needed in studies of dynamic slope stability is ground motion records. 
This data may be presented as a percentage value of the gravitational constant (g), or 
in terms of the length per time squared (L/t
2
), for instance, cm/sec
2
. Due to absence 
of a single standard digital format for these ground motion records, some adjustments 
or modifications might later be needed to undertake stability analysis.  
Rainfall data is easier to collect due to the presence of local or portable weather 
stations near the research location. Most climatology institutions provide long-term 
history rainfall records for research purposes. Elapsed time for this data can vary 
from hourly to yearly records. For instance, The Water and the Land (WATL) of 
Australia website provides maximum daily rainfall forecast maps five days in 
advance; The Indonesian Agency for Meteorology, Climatology and Geophysics 
(BMKG) provides forecasts of monthly rainfall for up three months ahead. These 
time-based rainfall records can be used for retrospective analysis such as rainfall-
induced landslide investigations, as well as for future/predictive analyses, such as 
early warning systems against potential landslide disasters. 
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In predictive analysis, projections of rainfall data can be provided from weather 
forecast institution data-bases or by applying statistic prediction methods. Many 
climatology institutions can forecast rainfall events for the next day or for up to three 
months. However, the value of the forecasted rainfall is in a range of probability 
values. Numerical prediction analysis using computer modelling is widely used by 
weather forecast institutions. Some reputable institutions that apply this method 
include the following:     
 Australian Bureau of Meteorology 
 US National Oceanographic and Atmospheric Administration 
 UK Meteorological Office 
 Japanese Meteorological Agency 
 European Centre for Medium Range Weather Forecasting 
 Meteorological Service of Canada  
 German National Weather Service, Deutscher Wetterdienst 
The numerical models provided by these institutions vary in relation to the length of 
time of the forecast and also the grid size, or the distance between points inside the 
grid. The forecast might cover from 3 to 10 days (BOM Australia, n.d.). However, 
the most immediate rainfall prediction provided by weather related institutions is 
daily. In early warning systems against landslides, a short prediction time (such as 
hourly) would be preferable, as the danger from hazards can occur within a very 
short time frame. Therefore, another method based on the use of a statistical 
approach is considered as potentially beneficial for use in rainfall predictions. 
The statistical approach to predicting rainfall can be based on sophisticated time 
series analysis or on simple average values. The time series analysis requires a set of 
regular observations of a single variable over a period of time (SPSS, 2010). For 
instance, the observation might involve daily data for a month or monthly data for a 
year. There are numerous software programs that can be used for the analysis, 
including SPSS, JMP, and SAS/ETS. The development of systematic patterns 
requires the use of a time series data set. The most common patterns are in the form 
of trends and seasonality. Trends can be found using moving averages or regression 
analysis. When a trend repeats itself systematically over time, it is then called 
‘seasonality’. However, some data sets may not be readily analysed by available 
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software due to random errors such as non-constant mean and variation, non-
normally distributed, not randomly sampled, outliner data existence or variation in 
the number of days in a month (Senter, n.d). If a set of rainfall data cannot be used 
for time series analysis, the average value for several previous years can be used to 
predict the rainfall one year ahead.      
Another simple statistically method also can be used to predict hourly rainfall. By 
calculating deviation of hourly rainfall in every single hour compare to previous 
hour, and then comparing the results over several years, the maximum deviation in 
each hour in a year can be determined. Regardless of its moderate level of accuracy, 
the maximum deviations can be applied as a threshold for predicting the hourly 
rainfall for slope stability analysis purposes. 
3.6 ANALYSIS OF FIELD GEOPHYSICAL TEST DATA AND BORE-
HOLE TEST DATA FOR LOCATING POSSIBLE DEEP CRACKS 
This section discusses the results of soil investigations to detect deep cracks in 
unsaturated residual soil slopes, using an electrical resistivity tomography (ERT) 
method. Bore-hole test data are then used to verify the results of ERT.  
In general, anisotropy can represent the existence of deep cracks in soil layers. 
However, without the use of special equipment for ground investigations, deep crack 
detection in soils will be difficult. Therefore, the application of geophysical methods 
is potentially useful in ground investigations. There are several non-destructive 
geophysical techniques, which can be used in such studies, including seismic 
refraction, electromagnetic wave refraction, and electrical resistivity. 
Many researchers have used electrical resistivity methods in ground investigations 
(e.g. Samouelian et al., 2003; Oh & Sun, 2007; Sudha et al., 2009). They determined 
soil types through the use of electrical resistant differences in the soil layers. A direct 
current (D.C.) is driven into the ground to initiate electrical responses. These 
responses indicate soil resistivity values that are recorded using a resistivity meter. 
Theoretically, electrical resistivity of a soil is based on the electrolytic action in the 
electrical current flow through the soil mass. Consequently, water content and 
concentration of salts are strongly reflected in the resistivity of a soil. For instance, a 
low resistivity will be detected in a saturated porous soil due to the quantity of pore-
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water and free ions in the water. A mobile cloud of additional ions can be formed 
around each clay particle by the ion exchange properties of clay. As these ions will 
facilitate the easy flow of electrical current, electrical resistivity in fine grained soils, 
such as clays, is always lower than expected (Zhdanov and Keller, 1994).   
The results from ERT is then being verified using others investigation methods such 
as Bore-hole testing to ensure that the low resistivity values represent deep crack 
existence. Soil samples from the borehole test are investigated in a laboratory to 
determine the soil parameters needed for deep crack verification, such as water 
content, soil density, void ratio, and grain size distribution. Due to the very high 
porosity and high water content in soil deep cracks, local zones in ERT result with 
very low resistivity that can be identified as possible locations for deep cracks. 
Further, in the rainy season when rain water can easily seep into the cracks, the deep 
crack existence will be more readily detected by ERT. 
It can therefore be concluded that the existence of cracks in soil layers can be 
determined by the presence of high porosity and high water content with low clay 
content. 
3.7 NUMERICAL ANALYSIS  
GeoStudio 2007 is a package of eight software programs designed for solving 
various geotechnical problems in 2D space. The software in GeoStudio2007 and 
their specific uses are listed below: 
 SLOPE/W 2007 for slope stability analysis; 
 SEEP/W 2007 for groundwater seepage analysis; 
 SIGMA/W 2007 for stress-deformation analysis; 
 QUAKE/W 2007 for dynamic earthquake analysis; 
 TEMP/W 2007 for geothermal analysis;  
 CTRAN/W 2007 for contaminant transport analysis; 
 AIR/W 2007 for air flow analysis; 
 VADOSE/W 2007 for vadose zone and soil cover analysis. 
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Except SLOPE/W 2007, the analyses using all other software programs are based on 
finite element methods (FEM). SLOPE/W uses the limit equilibrium methods (LEM) 
for the stability analysis. The most of these software programs can be coupled with 
each other, to enable the results of one software program to be used as the input data 
for another. For example, the pore-water pressures in the soil obtained from the 
seepage analysis using SEEP/W 2007 can be used as the initial conditions for the 
slope stability analysis using SLOPE/W. 
In this research, SEEP/W, SLOPE/W and QUAKE/W are used to analysis the rain-
induced instability of residual soil slopes, and to perform the dynamic analysis to 
predict the cracks in the slope that are possibly initiated by earthquakes.  
3.7.1 Modelling with SEEP/W 
SEEP/W is a finite element method (FEM) based on a software product designed to 
perform 2D steady-state or transient seepage analyses within porous materials (GEO-
SLOPE International Ltd., 2010a). The software can also analyse seepage through a 
complex geometry, in both homogeneous and inhomogeneous soil structures. In this 
section, the theory, meshing, necessary material properties, initial conditions, 
boundary conditions, and interpretation of results, associated with SEEP/W are 
briefly described in relation to transient seepage analyses.  
(a) Theory in SEEP/W 
The formulation of SEEP/W is based on the flow of water through saturated and 
unsaturated soils follows Darcy’s Law and can be represented by the following 
equation (GEO-SLOPE International Ltd., 2010a). 
q = ki       (Eq.3.14) 
where:  
q = the specific discharge [m/sec]; 
k = the hydraulic conductivity [m/sec];  
i = the gradient of total hydraulic head. 
Darcy’s Law was originally derived for saturated soil conditions, but later 
research has shown that it can also be applied to the flow of water through 
unsaturated soil (Richards, 1931; Childs & Collins-George, 1950). The only 
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difference is that under the conditions of unsaturated flow, the hydraulic 
conductivity is no longer a constant, but varies with changes in water content 
and indirectly varies with changes in pore-water pressure. 
The general governing differential equation for two-dimensional seepage can be 
expressed as: 
 
  
   
  
  
  
 
  
   
  
  
     
  
  
     (Eq.3.15) 
where: 
H = the total head [m]; 
kx = the hydraulic conductivity in the x-direction [m/sec]; 
ky = the hydraulic conductivity in the y-direction [m/sec]; 
Q = the applied boundary flux [mm/sec] 
ϴ = the volumetric water content [%], and 
t = time [sec] 
 
Eq. 3.15 fundamentally states that the sum of the rates of flow changes in x and 
y directions, plus the external applied flux, is equal to the rate of change of the 
volumetric water content with respect to time.  
Changes in the stress state and the properties of soil affect the changes in 
volumetric water content. Fredlund and Morgenstern (1976 and 1977) stated 
regarding both condition of saturated and unsaturated, the stress state can be 
presented by two state variables as follow:  ( au ) and ( wa uu  ), where   is 
the total stress, au is the pore-air pressure, and wu is the pore-water pressure. 
Related to this calculation process, SEEP/W is designed for condition of 
constant total stress and pore-air pressure at atmospheric pressure during 
transient processes.  
This means that ( au ) remains constant and has no effect on changes in 
volumetric water content. Changes in volumetric water content are consequently 
dependent only on changes in the ( wa uu  ) stress state variable, and with au
remaining constant, the change in volumetric water content is a function only of 
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pore-water pressure changes. As a result, the change in volumetric water content 
can be related to the change in pore-water pressure by the following equation: 
ww um                       (Eq.3.16)                                                                                                            
where: 
wm  = the slope of the storage curve (SWCC) [kPa
-1
] 
The total hydraulic head, H , is defined as: 
y
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
          (Eq.3.17)                                                                                                                          
where: 
w = the unit weight of water [kN/m
3
] 
y  = the elevation [m] 
Eq. 3.17 can be rearranged as: 
)( yHu ww                                                        (Eq.3.18)                                                                   
Substituting Eq. (6.5) into Eq. (6.3) gives the following equation: 
)( yHm ww                                                                    (Eq.3.19)                                              
which now can be substituted into Eq. (6.1), leading to the following expression: 
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Since the elevation, y, is constant, the derivative of y  with respect to time 
disappears, leaving the following governing differential equation used in 
SEEP/W finite element formulation: 
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(b) Meshing in SEEP/W 
The most essential process in the finite element numerical method is meshing, 
which subdivides the continuum into smaller pieces. In GeoStudio 2007 
software, this meshing process is fully automatic. However, it only can be done 
after the geometry of a model is defined by using the concept of regions and 
points.  
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The size of the element in meshing can be designed by specifying mesh density 
in terms of real unit length, and ratio of the global mesh size, or the number of 
divisions along a line edge. Available patterns that can be used in GeoStudio 
2007 software include:  
 Structured mesh, consisting of two different types - triangular grid 
regions and rectangular grid of quads. 
 Unstructured quad and triangle mesh. 
 Unstructured triangular mesh 
The number of mesh in a model will affect the time required to obtain a solution. 
If there are too many meshes, then a solution could be unattainable. Therefore, it 
is recommended to start an analysis with as few elements as possible. 
(c) Material Properties in SEEP/W 
The transient seepage analysis was conducted using SEEP/W software to obtain 
the pore-water pressure distribution in the slope. This software uses finite 
element (FE) methods to simulate 2-D flow under given initial and boundary 
conditions. The geometry of a model slope has to have a defined base for the 
field observation results, for which meshing can then be applied in the model. 
The main soil parameters required in the SEEP/W are water content function and 
hydraulic conductivity function. 
When moisure in the form of rainfall is applied, the unsaturated soil above the 
water table may experience a change in degree of saturation. Therefore, a 
saturated/unsaturated model of soil behaviour was used in this research. To 
conduct seepage analysis of an unsaturated slope subject to rain water 
infiltration, the hydraulic conductivity of the soil should be defined as the 
function of the soil suction. Since the laboratory measured hydraulic 
conductivity functions of unsaturated slope materials were not available for this 
study, the Fredlund et al. (1994) method available in SEEP/W was used to 
estimate the hydraulic conductivity function of each material, using the assigned 
soil water characteristic curve (SWCC) and the saturated hydraulic conductivity. 
The variation of pore-water pressures in the slope with time at all nodes in the 
FE mesh was given by the transient seepage analysis of the slope during rainfall.  
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Four methods to develop a volumetric water content function are available in 
SEEP/W software, including a predictive method using grain size data, an 
estimates method based on the use of  built-in soil samples, and two methods 
based on  form equations by Fredlund and Xing (1994) and Van Genuchten 
(1980). In this research, the predictive method using grain size data proposed by 
Aubertin et al (2003) was used. This equation determines the degree of 
saturation based on capillary forces and adhesive components of the volumetric 
water, and is presented as follows: 
      (Eq. 3.22) 
Where: 
Sr = degree of saturation; 
r = volumetric water content;   
n = porosity;  
Sc = degree of saturation due to capillary forces;  
Sa* = bounded degree of saturation due to adhesion (Sa). 
At low suctions, the value of Sa can be greater than 1, therefore a bounded value 
was assigned to ensure that for a Sa greater or equal to 1, Sa*=1 and if Sa is less 
than 1 (at high suction), then Sa*=Sa. 
 
       (Eq. 3.23) 
where: 
a = a curve fitting parameter; 
= the suction;  
n= a suction term introduced to ensure dimensionless component;  
e = the void ratio, 
hco= the mean capillary rise (cm) determined for capillary soils by: 
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       (Eq. 3.24) 
Or 
       (Eq. 3.25) 
for cohesion type soils where: 
D10 = the particle diameter (cm) corresponding to 10% passing on a grain-size 
curve, 
b (cm2) = is given by: 
      (Eq. 3.26) 
where: 
Cu = the coefficient of uniformity; 
WL = the liquid limit (%); 
= a constant approximately equal to 402.2;  
C = a correction coefficient that allows a progressive decrease in water content 
at high suctions, forcing the function through a water content of zero at one 
million kPa suction as initially proposed by Fredlund and Xing (1994) and 
described by: 
       (Eq. 3.27) 
where: 
r = the suction corresponding to the residual water content at which point an 
increase in suction will not effectively remove more liquid water from the soil 
and is given by: 
      (Eq. 3.28) 
The capillary saturation, which depends essentially on the pore diameter and the 
pore size distribution, is given by: 
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    (Eq. 3.29) 
where: 
m = a fitting parameter that takes into account the pore size distribution and 
controls the shape and position of the volumetric water content function in the 
capillary zone. 
 
The hydraulic conductivity function also has to be assigned in the transient 
seepage analysis. Since measuring the hydraulic conductivity function is both a 
time consuming and expensive procedure, SEEP/W software provides three 
different predictive methods. These three predictive methods are the methods of 
Fredlund et al. (1994), Green and Corey (1971), and Van Genuchten (1980) . 
In this research, the SEEP/W built-in predictive method of Fredlund et al. (1994) 
was used to estimate the hydraulic conductivity function, once the volumetric 
water content function and a ks value were specified. This method is governed 
by the following equation: 
     (Eq. 3.30) 
where: 
kw = the calculated conductivity for a specified water content or negative pore 
water pressure (m/s); 
ks = the measured saturated conductivity (m/s);  
s= the volumetric water content;  
e = the natural number 2.71828;  
y = a dummy variable of integration representing the logarithm of negative pore-
water pressure;  
i = the interval between the range of j to N;  
j = the least negative pore-water pressure as described by the final function;  
N = the maximum negative pore-water pressure as described by the final 
function;  
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= the suction corresponding to the jth interval;   
’= the first derivative of the Eq. 3.32 below 
     (Eq. 3.31) 
where: 
a = the approximate air-entry value of the soil;  
n = a parameter that controls the slope at the inflection point in the volumetric 
water content function;  
m = a parameter that is related to the residual water content;  
C () = a correcting function defined as: 
     (Eq. 3.32) 
where: 
Cr = a constant related to the matric suction corresponding to the residual water 
content. 
 
(d) Boundary Conditions in SEEP/W 
Boundary conditions can be defined as the driving force causing the seepage to 
flow through earth structures. Boundary conditions specified in a numerical 
problem are the key component of seepage analysis using SEEP/W. Both steady-
state and transient seepage analyses need boundary condition specifications. 
Without boundary conditions, it is impossible to obtain a solution using the 
software. In addition, specifying the boundary without careful thought may lead 
to inaccurate results. There are  five types of hydraulic boundary conditions 
available in SEEP/W that can be used for seepage analyses, these being -  head 
(H), total flux (Q), unit flux (q), unit gradient (i) and pressure head (P).  
In this research, boundary conditions that were used are: 
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- A unit flux boundary to represent the recorded daily rainfall for the period of 
analysis at ground surface of soil slope model. 
- A “no flow” boundary condition applied to the vertical boundary and the 
bottom boundary.  
- A unit hydraulic gradient boundary for the vertical boundary that 
representing equality of the flux passing through the boundary at a particular 
suction with the coefficient of permeability of the soil corresponding to that 
suction.  
 
(e) Initial Conditions in SEEP/W 
To start a transient analysis at the time period or condition of a problem, it is 
essential to define the initial conditions using an identical geometry model. 
SEEP/W software provides a facility for specifying the initial conditions by 
using a file created in a separate analysis, or by drawing the initial water table 
position. Since the location of the initial water table was known in advance, it 
was specified in the initial conditions for the model development in this 
research. 
Alternative options for defining the initial conditions in SEEP/W include:  
- A file created by steady-state seepage analysis; 
- A file created by a transient seepage analysis for a specific time step; 
- A file created by the current analysis for an earlier saved time step to 
that for which the current analysis is starting; 
- A file created by a SIGMA/W stress/deformation analysis;  
- A file created by a QUAKE/W earthquake dynamic analysis. 
For more details relating to the calculation used in the SEEP/W, reference 
should be made to user manual of SEEP/W (GEO-SLOPE International Ltd., 
2010a). 
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3.7.2 Stability Analysis using SLOPE/W 
SLOPE/W is a software product designed for computing the safety factors for 
earthen slopes, based on the principle of the limit equilibrium method (LEM) (GEO-
SLOPE International Ltd., 2010b). SLOPE/W provides eleven methods that can be 
used for slope stability analysis. All the methods are based on limit equilibrium 
formulations which use finite element computed stresses. The stability analysis 
methods used in SLOPE/W are Fellenius, Bishop’s simplified, Janbu’s simplified, 
Spencer, Morgenstern-Price, Corps of Engineers-1, Corps of Engineers-2, Lowe-
Karafiath, Janbu’s  generalized, Sarma’s vertical slices and general limit equilibrium 
(GLE) (GEO-SLOPE International Ltd., 2010b). 
The LEM has been the most popular method used by geotechnical engineers for 
analysing the stability of earth slopes, for many decades (Cheng and Lau, 2008; 
Desai, 1977; Morgenstern, 1963; GEO-SLOPE International Ltd, 2010b). The 
advantage of this method is that it can solve very complex earth problems with 
complicated geometrical structures. In the LEM formulation for calculating stability 
(FOS: Factor of Safety), the sliding soil mass overlying the slip surface is divided 
into a number of vertical slices (Figure 3.17). Static equilibrium conditions (both 
force and moment, or one of these) and different assumptions relating to the 
interslice forces, such as shear and normal forces (GEO-SLOPE International Ltd., 
2008), are applied to each slice. For GLE, Janbu’s Generalized, Spencer and 
Morgenstern-Price, both moment and force equilibrium static equations are used, 
whereas other methods use just one of them. Also, while other methods apply both 
interslice normal and shear forces, Bishop’s simplified and Janbu’s simplified 
methods use only the interslice normal force, while Fellenius uses neither of them.   
 
Figure 3.17: Discrete slice and forces acting on a slice (developed from GEO-
SLOPE International Ltd., 2010b) 
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In the present study, the general limit equilibrium method (GLE) (Fredlund and 
Krahn, 1977; Fredlund et al., 1981) was employed to calculate the FOS, because of 
this method encompassing the key elements of all other methods available in 
SLOPE/W. The GLE method provides a framework for discussing, describing, and 
understanding all the other methods. 
(a) General Limit Equilibrium method (GLE) theory 
The GLE formulation is based on two factor safety equations and allows for a 
range of interslice shear-normal force assumptions. One equation gives the 
factor of safety with respect to moment equilibrium ( mF ), while the other 
equation gives the factor of safety with respect to horizontal force equilibrium (
fF ).  
As shown in Figure 3.17 the summation of moments for all slices about an axis 
point can be expressed as follows: 
      0AaDdkWeNfRSWx m                         (Eq. 3.33)                   
where: 
W = the total weight of a slice of width d and height h [N]; 
N = the total normal force on the base of the slice [N]; 
Sm = the mobilized shear force on the base of each slice [N]; 
D = an external line load [N]; 
kW = the horizontal seismic load applied through the centroid of each slice [N]; 
R = the radius of a circular slip surface or the moment arm associated with the 
mobilized shear force, Sm, for any shape of slip surface [m].  
f = the perpendicular offset of the normal force from the centre of rotation or 
from the centre of moment. It is assumed that f distances on the right side of the 
centre of the rotation of a negative slope (i.e., a right-facing slope) are negative, 
and those of the left side of the centre of rotation are positive. For positive 
slopes, the sign convention is reversed [m]. 
x = the horizontal distance from the centre line of each slice to the centre of 
rotation or to the centre of moments [m]; 
e = the vertical distance from the centre of each slice to the centre of rotation or 
to the centre of moments [m]; 
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d = the perpendicular distance from a line load to the centre of rotation or to the 
centre of moments [m]; 
a = the perpendicular distance from the resultant external water force to the 
centre of rotation or to the centre of moments. The L and R subscripts designate 
the left and right side of the slope, respectively [m]; 
A = the resultant external water forces. The L and R subscripts designate the left 
and right side of the slope, respectively [N]. 
The mobilized shear force on the base of each slice ( mS ) can be written for 
unsaturated soil conditions as follows: 
    bwaanm uuuc
F
S 

tan'tan'                         (Eq. 3.34) 
where: 
  = the base length of each slice [m] 
F = the factor of safety 
c’ = effective cohesion [kPa] 
 ’ = effective angle of internal friction [degree] 
n  = total normal stress [kPa] 
ua = pore-air pressure [kPa] 
uw = pore-water pressure [kPa] 
b  = angle defining the increase in shear strength for an increase in suction 
[degree] 
Note: When the soil is saturated, (ua –uw )= 0 
After substituting for mS  in Eq. 3.35 and rearranging the terms, the factor of 
safety with respect to moment equilibrium is ( FFm  ): 
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        (Eq. 3.35)                                  
As shown in Fig. 3.18, the summation of forces in the horizontal direction for all 
slices is expressed as: 
             0coscossin ADkWSNEE mRL         
(Eq. 3.36) 
where: 
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E = the horizontal interslice normal forces. Subscripts L and R designate the left 
and right sides of the slice, respectively;  
  = the angle between the tangent to the centre of the base of each slice and the 
horizontal. The sign convention is as follows when the angle slopes in the same 
direction as the overall slope of the geometry,   is positive, and vice versa 
 = the angle of line load from the horizontal. This angle is measured counter-
clockwise from the positive x-axis. 
The term    RL EE  presents the interslice normal forces, which must be zero 
when summed over the entire sliding mass. After substituting mS  in Eq. 3.36 and 
rearranging the terms, the factor of safety with respect to horizontal force 
equilibrium is ( FF f  ): 
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(Eq. 3.37) 
The normal force ( N ) at the base of a slice (Fig. 3.18) is determined from the 
summation forces in a vertical direction on each slice: 
  0sinsincos   DSNWXX mRL                                           
(Eq. 3.38) 
where: 
X = the vertical interslice shear forces, subscripts L and R designate the left and 
right sides of the slice, respectively. 
After substituting for mS  in Eq. 3.38 and rearranging the terms, the factor of 
safety with respect to moment equilibrium is: 
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           (Eq. 3.39) 
N is non-linear, with the value dependent on the factor of safety, F. When 
calculating moment equilibrium, the moment equilibrium factor of safety, mF , is 
used. When calculating force equilibrium., the force factor of safety, fF , is used. 
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The base normal equation (N) cannot be solved directly, since the factor of 
safety (F) and the interslice shear forces, (i.e., 
LX and RX ) are unknown. 
Consequently, N needs to be determined using an interactive scheme. 
The interslice forces represent the normal forces that calculated using an 
integration procedure commencing at the left end of each slip surface. The shear 
forces are located in the vertical side between slices. 
The summation of forces in a horizontal direction can be written for each slice 
as: 
  0coscossin   DkWSNEE mRL                                (Eq. 3.40) 
Substituting for mS  in Eq. 3.40 and calculating the interslice normal force on the 
right side of each slice gives: 
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                                                                                                                (Eq. 3.41) 
The left interslice normal force of the first slice (EL)is zero. Due to the effect of 
FOS changing, the calculation of the interslice normal force will be updated 
during the iteration process 
The interslice shear force is then calculated as a percentage of the interslice 
normal force according to the following empirical equation proposed by 
Morgenstern and Price (1965): 
)(xfEX                                                                                             (Eq. 3.42) 
where: 
f(x) = interslice force function.  
 
Figure 3.19 shows some typical function shapes that are used in SLOPE/W. The 
type of force function used in calculating the factor of safety is the prerogative 
of the user. In this study, the “Half-Sine” function was used.  
 = the percentage of the function used (-1.25 ~ 1.25) 
For more details relating to the calculation of the factor of safety using the GLE 
method, and for other methods of stability calculations, reference should be 
made to user manual of SLOPE/W (GEO-SLOPE International Ltd., 2010b). 
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Figure 3.18: Forces acting on a slice overlying a circular slip surface (GEO-
SLOPE International Ltd., 2010b) 
 
 
 
Figure 3.19: Interslice force function used in SLOPE/W (GEO-SLOPE 
International Ltd., 2010b) 
 
(b) Slip Surface Shapes 
The main interest in stability analysis remains to determine the position of the 
critical slip surface with the lowest factor of safety. A trial procedure is still a 
well-known technique in finding the critical slip surface that after creating a 
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possible slip surface then the associated factor of safety is computed. Repeated 
process using the same procedure is undertaken for many possible slip surfaces 
and as a result, the trial slip surface with the lowest factor of safety is chosen to 
be the critical slip surface.  
There are many different ways of defining the shape and positions of trial slip 
surfaces in SLOPE/W, such as: Grid and radius for circular slips, Composite slip 
surfaces, Fully specified slip surfaces, Block specified slip surface, Entry and 
exit specification, Optimization, and Auto-Locate. In this research, the Auto-
Locate method is used in SLOPE/W analysis due to this method has combined 
the others method advantages, particularly the Entry and Exit method with the 
Optimization method, and does some preliminary work automatically to find 
approximate solution. More reasonable result is determined using the Auto-
Locate method since this method generates 1000 trial slip surface to find the 
most probable minimum slip surface and then applies the optimization 
technique. 
(c) Geometry 
SLOPE/W uses the concept of regions to define the geometry, as in SEEP/W. 
Regions are a beneficial aid for finite element meshing. SLOPE/W by itself does 
not need a finite element mesh, but regions defined in SLOPE/W can also be 
used to create a mesh for an integrated finite element analysis. In GeoStudio, the 
objective is to define the geometry only once, for use in many different types of 
analyses. Using regions in SLOPE/W as well as in the finite element products 
makes this possible, even though SLOPE/W uses slice discretization instead of 
finite element discretization. SLOPE/W can then use the results obtained from 
other analyses, such as SEEP/W, in stability analysis. 
(d) Material Strength 
There are many different ways of describing the strength of materials in stability 
analysis. Among the strength models available in SLOPE/W, the one can be 
used for the transient analysis of unsaturated/saturated soil is: 
b
wan uucs  tan)('tan'                                                            (Eq. 3.43) 
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where: 
'c   = the effective cohesion [kPa] 
'  = the effective friction angle [degree] 
au  = the pore-air pressure [kPa] 
wu  = the pore-water pressure [kPa] 
b = the angle defining the increase in strength due to the negative pore-water 
pressure [degree] 
The term (ua-uw) is called ‘suction’ when presented as a positive number. In 
SLOPE/W, 
b is treated as a constant value, but in fact this parameter varies 
with the suction (or degree of saturation). 
 
The unit weight of the soil has to be defined for the stability analysis. As 
SLOPE/W is formulated on the basis of total forces, the unit weight needs to be 
specified as the total unit weight. SLOPE/W allows for separate unit weights 
above and below the water table. 
(e) Pore-water Pressure 
Due to the importance of pore-water pressures in a stability analysis, SLOPE/W 
has various ways of specifying the pore-water pressure conditions. They include 
the following:    
 Piezometric surfaces: The most common way of defining pore-water 
pressure conditions is with a piezometric line (water table). Then 
SLOPE/W simply computes the vertical distance from the slice base 
mid-point up to the piezometric line, and multiplies this distance by the 
unit weight of water to get the pore-water pressure at the slice base. 
When the slice base mid-point is above the piezometric line, the vertical 
distance between the slice base centre and the piezometric line is a 
negative value. The pore-water pressure is consequently negative. The 
negative pore water-pressure is used in the stability analysis only if 
b is 
non-zero. Otherwise, the pore-water pressure above the piezometric line 
is taken to be zero. 
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 Pore-water pressures at discrete points: A powerful and highly flexible 
option in SLOPE/W for defining pore-water pressure conditions is to 
specify the actual pressure at discrete points. When the pore-water 
pressure is specified at each of the discrete points, SLOPE/W uses 
interpolation techniques such as spline (GEO-SLOPE International Ltd., 
2010b) to determine the pore-water pressure at any other point. 
 Finite element computed pressures: SLOPE/W is fully integrated with 
the finite element products available in GeoStudio. This makes it 
possible to use the finite element computed pore-water pressure in 
stability analysis. For example, the pore-water pressure can come from a 
SEEP/W analysis. In general, the pore-water pressure can come from any 
finite element analysis that creates a head or pore-water pressure file. 
More details relating stability analysis with SLOPE/W are available in the user 
manual of SLOPE/W (GEO-SLOPE International Ltd., 2010b). 
3.7.3 Dynamic Analysis using QUAKE/W 
QUAKE/W from GeoSlope 2007 is used to investigate the effects of earthquakes on 
the observed soil slope. QUAKE/W is a finite element application software which 
performs a dynamic analysis of earth structures subjected to earthquake shaking, or 
other dynamic forces (GEO-SLOPE International Ltd., 2010c). 
(a) Theory used 
An earthquake acceleration record is one of the input parameters for QUAKE/W 
analysis. Earthquake loading can be expressed as: 
      (Eq. 3.44) 
 
where: 
[M] is the lumped mass matrix that is used by QUAKE/W: 
      (Eq. 3.45) 
 
where: 
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         = mass density;  
= a diagonal matrix of mass distribution factors;  
{ag} = is the applied nodal acceleration. 
 
(b) Meshing 
Meshing in QUAKE/W is similar to other software in GeoStudio 2007. The size 
of the element in meshing can be designed by specifying mesh density as a real 
length unit, ratio of the global mesh size, or the number of divisions along a line 
edge. Available patterns that can be used in GeoStudio 2007 software are: 
 Structured mesh, consisting of two different types - triangular grid 
regions and rectangular grid of quads. 
 Unstructured quad and triangular mesh. 
 Unstructured triangular mesh 
 
(c)  Boundary Conditions  
In GeoStudio 2007, all boundary conditions must be applied directly on 
geometric items such as region faces, region lines, free lines, or free points. All 
boundary conditions are applied in terms of either displacement or force. There 
are several boundary conditions provided for within QUAKE/W software, as 
explained briefly below. 
 Nodal force boundary condition which can be enabled by applied forces 
at any node in a finite element mesh with a geometry point at the location 
of interest. This boundary is needed to simulate, for example, the effect 
of a heavy vehicle moving past a point. 
 Nodal displacements boundary condition which is most often specified as 
zero value to give the analysis a frame of reference. By using this 
boundary, horizontal or vertical motions can be designed to represent the 
displacement process.  
 Stress boundary conditions which can be specified along the edge of an 
element. Proportionately, the force is then divided among the nodes 
along the element edge. 
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 Spring boundary conditions which is usually only for special numerical 
experimentation purposes. 
 Dynamic boundary conditions which accommodate dynamic forces to be 
applied only at a specific point in the model. For instance, dynamite 
blasting or pile driving is often recorded with a seismograph which 
records velocities and accelerations at a point. By creating an equivalent 
displacement versus time record for the velocities or accelerations 
records, a nodal boundary condition then can be defined. 
 Structural element boundary condition to accommodate the contacted 
structured in the soil, such as a sheet pile wall. Either a specific rotation 
or a moment can be used to define this structural boundary. 
 
(d) Material Properties  
There are four different material models provided by QUAKE/W, for possible 
application in dynamic analysis. These models are: Linear elastic model, 
Equivalent linear model, Non-linear model and None. The Linear elastic model 
is the simplest material model which is potentially very useful for learning, 
testing, and verification purposes. The Equivalent linear model is very similar to 
the Linear-elastic model, but with modified soil stiffness (G) being used in the 
model in response to computed strains. A more complex model provided in 
QUAKE/W is the Non-linear model. Main difference between the Equivalent 
linear model and Non-linear model, is that the Equivalent linear model 
calculates the excess pore-pressures at the end of the dynamic analysis, while the 
Non-linear method determines the excess pore pressures during shaking. The last 
model is the None model, and this is used to represent the removed parts of a 
model in an analysis.  
In this research, the Linear elastic model was used for verification purposes. 
These model requires some soil parameters including, unit weight, Poisson’s 
ratio, damping ratio, pore-water pressure function, Ka and Ks functions, cyclic 
number function, and shear modulus maximum (Gmax).     
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For example, based on the work by Hardin & Drnevich (1972), Hardin (1978) 
and Mayne & Rix (1993), the Gmax of cohesive soils can be estimated as 
follows: , 
   (Eq. 3.46) 
where e is the void ratio, OCR the over-consolidation ratio and k an exponent 
related to the soil plasticity index PI, Pa is atmospheric pressure and ’m is 
effective mean stress. 
The k exponent is computed from: 
        (Eq. 3.47) 
The mean stress σ΄m is computed the same way as described above for a granular 
soil. 
QUAKE/W can estimate the Gmax function by specifying a depth value for a 
function stress range, together with values for OCR, e, PI, and Ko (Geo-slope 
International, n.d.). 
The damping ratio can be specified as a constant or as a function based on the 
Ishibashi and Zhang (1993) equation as follows:   
 
(Eq. 3.48) 
The cyclic numbers function can be assigned by using samples provided in 
QUAKE/W, namely: loose sand, medium loose sand, medium dense and dense 
sand. 
The pore-pressure ratio (ru) function generated during earthquake shaking has 
been described by Lee and Albaisa (1974) and DeAlba et al. (1975) using the 
following equation: 
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     (Eq. 3.49) 
To use the pore-pressure ratio equation, QUAKE/W automatically finds the 
number of cycles (NL) and number of uniform cycles (N), based on the 
earthquake magnitude. 
In QUAKE/W, there are also some correction factors due to the effects of the 
confining stress; these are the overburden correction function (Ks) and shear 
stress correction function (Ka). Those correction factors are  needed when there 
is a liquefaction potential in the investigated soil slope,  and they can be 
estimated in QUAKE/W by assigning a typical function from some sample 
functions, namely -  very loose sand, loose sand, medium dense sand and  dense 
sand.   
The dynamic analysis of a slope using QUAKE/W identifies soil stress and 
strain development. Based on these distributions, the possible location of cracks 
in the slope and depth of these cracks can be estimated.  
 
 
(e)  Type of Analysis  
QUAKE/W 2007 provides four types of analyses, namely: Initial Static, 
Equivalent Linear Dynamic, Equivalent Linear PWP only, and Nonlinear 
Dynamic. It is essential to set up the initial condition of the model before starting 
the dynamic analysis using QUAKE/W, since the initial stresses is needed in 
calculations. The Initial Static analysis is formulated specifically for establishing 
the initial stresses and the initial pore-water pressures. There are three 
alternatives for addressing the initial pore-water pressures in QUAKE/W, these 
being: drawing an initial water table, using the results of another finite element 
analysis (e.g. a SEEP/W or SIGMA/W analysis), or using a spatial function.   
Dynamic related analyses is the main essence in using QUAKE/W. The main 
aspects of dynamic analysis are dynamic driving forces, boundary conditions, 
material properties, and temporal integration. QUAKE/W also provides a facility 
for pore-pressure calculations independent of the dynamic analysis. This 
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separate analysis uses Equivalent Linear Pore Water Pressure only, which 
reduces the required computing time. The most complex analysis is Nonlinear 
Dynamic analysis, which uses an entirely different temporal integration scheme 
to calculate the dynamic response of slope, including excess pore-pressures. 
3.8 PREDICTION SLOPE STABILITY AND WARNING AGAINST  
SLOPE FAILURE  
In this study, the following steps were followed for warning (real-time) against rain-
induced slope instability of an identified and investigated critical residual soil slope 
associated with deep cracks. There two subsequent steps to conduct these proposed 
predictive method as discussed in the following paragraphs: 
(a) Step 1 
 The slope was modelled in SEEP/W and SLOPE/W, based on slope 
geometrical information obtained from the field survey, sub-soil layers and 
soil cracks identified by bore-hole data, geophysical surveys, and laboratory 
soil testings. 
 The relevant boundary conditions were defined for both models in SEEP/W 
and SLOPE/W, and necessary material properties were assigned for each 
layer. For the transient seepage analysis using SEEP/W, the hydraulic 
conductivity function for each soil needs to be given. For the stability 
analysis using SLOPE/W, shear strength parameters (c, , and b) and unit 
weight should be given for each layer.  
 The transient seepage analysis of the slope were performed using SEEP/W by 
giving initial pore-water pressure conditions in the soil (e.g. by defining the 
water table in the slope based on field measurements) and unit flux as a 
function of time (rainfall). 
 The results of the transient seepage analysis (the variation of pore-water 
pressure conditions in the soil slope with time) can be used in SLOPE/W 
(SLOPE/W can be coupled with SEEP/W) to get the pore-water presure in 
the slope, to calculate the stability of the slope at a given time. 
 The coupled analysis of SEEP/W and SLOPE/W to determine the time-
variability in the stability of the slope, can schematically illustrated as shown 
in Figure 3.20. 
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Figure 3.20: Illustration of coupled analysis of SEEP/W and SLOPE/W 
 
 Following the procedure outlined in Figure 3.20, the stability of the slope 
(FOS) can be calculated a year in advance (365 days), based on the rainfall 
pattern given in Figure 3.21. The prediction of rainfall one year in advance is 
based on the use of earlier rainfall records, as discussed in section 3.4. If the 
calculated FOS of the slope reaches or goes below a critical FOS anytime 
during the forecast 365 days (Figure 3.22), it is recommended that a real-time 
stability analysis using an hourly or daily (24 hours) basis of recorded rainfall 
(Step 2) be conducted commencing from the time when FOS = 1.1 * 
FOScritical. FOScritical has to be determined based on potential human and 
property damage caused by a failure of the slope. 
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Figure 3.21: Typical measured and predicted rainfall patterns 
 
 
 
Figure 3.22: Illustration of measured and predicted FOS 
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(b) Step 2:  
 As shown in Figure 3.23, the FOS can be calculated real-time, one day ahead 
of the current time, based on the predicted maximum possible rainfall for the 
next one day. The method for predicting the maximum possible rainfall for 
the next day has been discussed in section 3.4. If the next day the FOS 
reaches or goes below the FOS critical, a warning should be issued for the 
evacuation of people from the potentially affected area.  
 Hourly analysis using real-time hourly rainfall record also can be applied in 
Step 2 when encounters situation that warning only can be given in short time 
due to the vital of the protected infrastructure such as railway.  
 
Figure 3.23: Illustration of FOS using predicted hourly rainfall 
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In this research, the proposed methodology was applied to an existing residual slope 
to calculate its FOS for 365 days into the future, and to determine whether it would 
be necessary to conduct real-time stability analysis within the same 365 days period.  
The proposed methodology was also applied to a slope which had already failed to 
verify the applicability of the proposed prediction method (Case Study). 
 
3.9 SUMMARY 
A comprehensive methodology was explained to reveal deep cracks detection and 
real-time prediction of rain-induced cracked-slope landslides. The methodology 
comprised the following activities: 
- Field investigations: to identify a landslide vulnerable soil slope due to the 
soil crack existence and to obtain geotechnical parameters of the slope, 
including soil sampling.  
- Laboratory testing:  to determine significant soil parameters for slope 
stability analysis purposes. 
- Data collection:  including rainfall and earthquake data. 
- Numerical modelling analysis: to investigate soil slope responses and 
behaviour, subject to earthquakes and rainfall. 
- Real time predictions: to develop an early warning system against potential 
landslide.  
This methodology was verified and used in slopes at the research location. 
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Chapter 4: Field and Laboratory 
Investigation of Residual Soil 
Slopes  
4.1 INTRODUCTION 
Two residual soil slopes in the hilly terrain in East Java Province in Indonesia were 
selected for the study of predicting rain-induced residual slope instability. These 
slopes are located in a high seismically active zone (USGS, n.d.) and experience a 
high average annual rainfall of about 2,700 mm (Lavigne and Suwa, 2004; 
Syahbuddin & Wihendar, 2010). Figure 4.1 shows a map of Indonesia’s archipelago 
located in the high seismic active region where three tectonic plates meet. Based on 
the geological map, the location is of Young Anjasmara volcanic sedimentary that 
the rock units are dominated by the volcanic breccias, lava, tuff and lahars. There is 
evidence of past rainfall-induced residual soil slope failures in this area (Widodo, 
2010; Naryanto, et al., 2006).  
 
Figure 4.1: (a) Map of Tectonic Plate in the Indonesian Archipelago (adopted 
from USGS, n.d.); (b) Indonesian Region; (c) Area selected for this study 
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Figure 4.2 shows the distribution of slope angles in the study area and the locations 
the two residual slopes selected for the study. The selected slopes have visible soil 
surface indications of cracking, as shown in Figure 4.3. Residential housing and 
public road located on these slopes as shown in Figure 4.4.  
 
Figure 4.2: Thematic map of slope angle (adopted from Rachmansyah, 2010)  
 
 
 
Figure 4.3: Surface cracks on  the slopes selected for study  
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Figure 4.4: Housing  and roads on slopes selected for study   
This chapter presents the results of the field investigations of these slopes, and the 
results of laboratory analyses of soil samples taken from the slopes. The results of the 
field investigations and laboratory testing were used for the stability analysis of the 
slopes. The results of the stability analyses were then used to verify / validate the 
applicability of the proposed method for predicting rain-induced residual slope 
instability and related warnings. 
4.2 FIELD INVESTIGATIONS OF THE SLOPES    
Field investigations were conducted at two slope locations. The first slope was 
intended to represent a main slope. The second slope was initially selected for 
preliminary investigation only; however, as the second slope collapsed abruptly 
during the period of the research, it was then used as a case study in the research. The 
two slopes are hereafter referred to as “Slope-1” and “Slope-2”. Figure 4.5 provides a 
topographic map showing the locations of Slope-1 and Slope-2 that were selected for 
this study.  
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The results of a land survey conducted on the two slopes were used to generate the 
geometry of Slope-1 (Figure 4.6) and Slope-2 (Figure 4.7), along AA’ and BB’, 
respectively, with the average slope angle measured being about 20
0
.  
For Slope-1, a field surveying using total station devices was undertaken on 18
th
 
December 2010. Then, from 28
th
 to 31
st
 December 2010, the slope along four profile 
lines was studied using Electrical Resistivity Tomography (ERT). To collect soil 
samples and perform geotechnical field tests, bore-hole tests were conducted at three 
locations from 25
th
 to 31
st
 January 2011.  
A preliminary investigation of the on natural slope was undertaken at Slope-2 
between May and June 2010, these preliminary studies comprising three bore-hole 
tests, the conduct of Electrical Resistivity Tomography (ERT), and a field survey. 
Electrical Resistivity Tomography (ERT) was applied on Slope-2 on 28
th
 and 29
th
 
May 2010. Three bore-hole tests on Slope-2 were conducted from 6
th
 to 12
th
 June 
2010.   
 
 
Figure 4.5: Topographical map of  Slope-1 and Slope-2 
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Figure 4.6: Cross section A-A’of  Slope-1 
 
 
Figure 4.7: Cross section B-B’of  Slope-2 
 
4.2.1 Results of Electrical Resistivity Tomography (ERT) conducted on Selected 
Slopes    
 
(a) ERT for  Slope-1  
Figure 4.8 shows the location of ERT lines for Slope-1. There were three profile 
lines, each 150 m long and separated by distance of 5 m (from A to A’), with one 
profile line (line 4) of 100 m crossing other profile lines (from C to C’). To obtain a 
sub-soil resistivity profile for Slope-1, the ERT survey using the Dipole-Dipole array 
method was conducted along profile lines 1, 2, 3, and 4 with 15 electrode points at a 
spacing of 10 m. The total length of each profile line, from A to A’, was 150 m. 
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Figure 4.8: Locations of ERT profiles and Borehole tests on Slope-1 
Figure 4.9 presents the visual results of ERT showing the soil resistivity distribution 
of the subsurface soil for Slope-1. There was a significant variation in soil resistivity 
at different depths along the profile lines. The area ranged from 1 to 2000 Ωm in soil 
resistivity, indicating a wide variation in soil type, clay content of the soil, porosity, 
and water content. In general, low soil resistivity was measured for the surface soil 
layers (5 – 10 m depth). This would have reflected a high water content in the surface 
soil, as the test was conducted in the rainy season. 
There was a consistency of low resistivity zones found in horizontal distances (from 
A) between 60 m to 130 m and at a depth from 0 to 12 m, for all three profiles. A 
localized zone with very low soil resistivity was found between 35 to 55 m, 
horizontally from C, horizontally at the depth from 0 to 12 m, as illustrated in Figure 
4.9. This low resistivity can be caused by cracks with low density and high water 
content.  
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(d) Profile Line 4 
Figure 4.9: Sub-soil electrical resistivity along profile lines on Slope-1 
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The ERT using the azimuthal square array resistivity technique was conducted at A1 
and A2 (Figure 4.8), which were the possible soil crack zones, to identify the depth 
and the direction of possible deep cracks in the subsoils. Field data was taken 4 times 
at different spacing for each location. Location A1 used a spacing of 2, 6, 8 and 12 
m. Location A2 used a spacing of 2, 4, 6, and 8. Figure 4.10 presents the polar graphs 
based on the results of the azimuthal square array method that shows possible cracks 
to investigate. The results show that at location A1, soil cracks exist at depths of 0 to 
5.65 m, at direction of 135 ° from the north; At location A2, a non-linear crack 
direction was found. From the surface to a depth of 1.41 m, the crack begins at an 
angle of 165 ˚ from the north (N 165 E), while between depths of 1.41 m to 4.24 m, 
the direction of the crack changed to an angle of 180˚ from the north (N 180 E). Then 
from a depth of 4.24 m to 5.65 m, the crack direction lies between angles of 180˚-
195˚ from the north (N 180-195 E). 
   
         (a) A1 crack location results   (b) A2 crack location results 
Figure 4.10: Results of Azimuthal Square Array Resistivity Method on Slope-1 
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(b) ERT for Slope 2   
The ERT survey was undertaken at locations on Slope-2 as shown in Figure 4.11. 
The Dipole-Dipole array method was used along a profile line 130 m long, from B to 
B’, to obtain the sub-soil resistivity profile of slope-2 with 13 electrode points at a 
spacing of 10 m.    
 
Figure 4.11: Locations of ERT profiles and borehole tests on Slope-
2 
Figure 4.12 presents the visual result of the ERT survey showing the soil resistivity 
distribution of the subsurface soil for Slope-2. The results showed a significant 
variation of soil resistivity at different depths along the profile lines. Areas with soil 
resistivity in the range 1 to 500 Ωm can indicate a variation in soil type, variation in 
clay content of the soil, and variation in porosity and water content. In general, 
moderate to high soil resistivity was measured for the surface soil layers (5 – 10 m 
depth). This would have reflected the low water content in the surface soil, since this 
test was conducted in the dry season. 
It can be seen in Figure 4.12 that some locations in the soil have a low resistivity. 
These included from 10 to 55 m from B at an average depth of 675 m, and from 65 to 
85 m from B at an average elevation of 675 m. There was also an area of low 
resistivity soil inside near the toe, between lying 95 to 120 m.     
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Figure 4.12: Sub-soil electrical resistivity along the profile line on Slope-2 
 
4.2.2 Results of SPT and Borehole Tests 
To investigate sub-soil conditions and to obtain sub-soil properties, three boreholes 
were drilled on each selected slope. In each borehole, the SPT test was performed at 
every 2 m depth, following the standard procedure established in the American 
Society for Testing and Material (ASTM), and soil samples were collected at every 1 
m depth using a Shelby tube. The soil samples collected were used in laboratory tests 
to determine the classification, physical and mechanical properties, of the sub-soils  
(a) Slope-1    
As shown in Figure 4.8, the three boreholes were drilled at BH1, BH2, and BH3 on 
Slope-1, from 25
th
 to 31
st
 January 2011. BH1 and BH3 are located in profile line 1, 
while BH2 is in the middle of profile line 3. Each borehole was drilled to 20 m depth. 
Figure 4.13 shows the variation of SPT N-values with depth, and the observed water 
table location in each borehole. The SPT results indicate a relatively weak soil layer 
from the surface to about 12 m depth.  
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Figure 4.13: Variation of measured SPT N-values with depth in each borehole 
and depth of ground water table (GWT) for Slope-1 
(b) Slope-2 
Between 6
th
 and 12
th
 June 2010, three boreholes drilled on Slope-2 as shown in 
Figure 4.11, the three boreholes (BH1, BH2 and BH3) being located near the profile 
line of Slope-2. BH1 was drilled to a depth of 30 m, while BH2 and BH2 were 
drilled only to 15 m depth. The variation of SPT N-values with  depth, and the 
observed water table location in each borehole, are shown in Figure 4.14. The SPT 
results indicate a relatively weak soil layer from the surface to about a depth of 12 m. 
 
Figure 4.14: Variation of measured SPT N-values with depth in each borehole 
and depth of ground water table (GWT) for Slope-2 
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4.3 RESULTS OF LABORATORY ANALYSES    
The soil samples collected at every 1m depth in each borehole were used to 
determine classification and physical properties (grain size distribution, water 
content, specific gravity, Atterberg limits, dry unit weight), hydraulic properties 
(saturated hydraulic conductivity, Soil Water Characteristic Curve (SWCC)), shear 
strength, and elastic properties.  
4.3.1 Soil Classification and Soil Physical Property Tests 
(a) Slope-1 
The soil samples collected from boreholes (BH-1, BH-2, and BH-3) in Slope-1 were 
first used to perform the grain-size distribution analysis and the Atterberg limit test. 
The results are presented in Figure 4.15 and Figure 4.16. Except some abrupt 
changes at different depths (possible crack locations), for example at 8m – 9m of 
depth at BH-3, relatively uniform properties were recorded with increasing depth. 
According to the Unified Soil Classification System (USCS) (ASTM D 2487-00), the 
subsoil of Slope-1 can be classified being predominantly as Silt of low to high 
plasticity (ML – MH).   
Figure 4.17 depicts the variation of volumetric water content, unit weight, and 
specific gravity with the depth. It is possible to have low dry density and high water 
content at the deep crack locations. In general, the dry unit weight profiles of Slope-1 
show that soil in the first 16 m (0 – 16 m) has a relatively low unit weight when 
compared to the soil below the 16 m depth. This suggests that Slope-1 can possibly 
be modelled as two layered soil profiles. 
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   (a). BH1       (b). BH2                   (c). BH3 
Figure 4.15:  Results of grain-size distribution analysis of Slope-1 
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(a). Sample from BH1 
 
(b). Sample from BH2 
 
(c). Sample from BH3 
 
Figure 4.16: Results of Atterberg Limit Test for Slope-1 
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(a). Sample from BH1 
 
(b). Sample from BH2 
 
 (c). Sample from BH3 
 
 
Figure 4.17: Volumetric water content, unit weight and specific gravity of soil 
of Slope-1 
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(b) Slope-2 
The grain-size distribution analysis and the Atterberg limit test were performed on at 
Slope-2 using the soil samples collected from boreholes (BH-1). As presented in 
Figure 4.18, Figure 4.19 and Figure 4.20, the percentage of fine grained soil 
exceeded 50%. At  9 m and 22 m depth, the percentage of fine grain was around 
80%; However, at 14 m depth, the percentage of fine grain was only around 53%. 
This suggests that the soil at 14 m depth is more porous than the soil above and 
below (a possible crack location). Tables 4.1 and 4.2 show the results of laboratory 
tests. Relatively similar properties can be observed in the selected depths of BH1 and 
BH2. Low unit weight and high water content were found in the surface soil. 
However, a different trend was observed in BH3 which has a low unit weight and 
high water content at 12m depth. The results of Atterberg limit test at BH1 and BH2 
are presented in Table 2; they show differences in plasticity along the chosen depth. 
A low plasticity index was found for BH1 at 14m depth and for BH2 between 8 and 
12 m depth. According to Unified Soil Classification System (USCS) (ASTM D 
2487-00), the subsoil of Slope-2 can be classified predominantly as Silt of low to 
high plasticity (ML – MH). 
 
Figure 4.18: Grain size distribution of soil layer at BH-1 (9 m depth) for Slope-2 
  
Chapter 4: Field and Laboratory Investigation of Residual Soil Slopes 139 
 
Figure 4.19: Grain size distribution of soil layer at BH-1 (14 m depth) for Slope-2 
 
 
Figure 4.20: Grain size distribution of soil layer at BH-1 (22 m depth) for 
Slope-2 
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Table 4.1: Laboratory test results for Slope 2 
Location 
GS 
wc 
(%) 
(%) SR n e 
 d 
(kN/m3) 
(kN/m3)
Borehole Depth 
BH1 
9m 2.57 79.83 0.64 82.41 68.11 2.33 8.020 13.475 
14m 2.68 44.04 0.54 89.79 53.17 1.16 12.266 16.889 
22m 2.53 43.98 0.49 91.39 55.17 1.26 11.139 16.039 
BH2 
8m 2.66 60.36 0.52 91.21 66.71 2.06 8.689 14.635 
12m 2.67 44.93 0.55 90.19 53.54 1.18 12.152 16.840 
14m 2.62 59.64 0.71 92.07 53.51 1.21 11.940 16.774 
BH3 
6m 2.61 65.80 0.81 86.13 51.62 1.31 12.315 16.595 
12m 2.56 80.22 0.62 95.43 68.90 2.33 7.775 14.210 
14m 2.43 62.21 0.80 88.95 46.01 1.10 12.854 16.742 
 
 
Table 4.2: Atterberg test results for Slope-2 
Location 
LL PL PI 
Boreholes Depth 
BH1 
9m 56,66 34,09 22,57 
14m 82,07 72,26 7,81 
22m 56,73 36,11 20,62 
BH2 
8m 49,77 40,21 9,55 
12m 32,07 23,41 8,66 
14m 45,61 31,75 13,86 
BH3 
6m 75,42 55,29 20,12 
12m 60,60 52,31 8,28 
14m 48,48 44,44 4,03 
 
4.3.2 Results of Soil Water Characterization Curve Test  
A soil-water characteristic curve (SWCC) was used as a basic parameter in 
predicting the hydraulic conductivity of unsaturated soils. The SWCC is used as an 
input parameter in transient seepage analysis in soils using SEEP/W software. 
Undisturbed soil samples were used for this test in this study. 
(a) Slope-1 
Soil samples collected from BH-1 in Slope-1 were used to measure SWCCs of 
subsoils using the filter paper method. The SWCCs for soil samples collected at 
depths 1-2 m, 8-9 m, and 13-14 m, are shown in Figure 4.21.  
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The SWCCs measured in drying and wetting processes show two patterns of curves. 
The drying curve is above the wetting curve. All three SWCCs have hysteresis 
between both curves. The narrowest hysteresis is presented by SWCC at 8-9 m 
depth. At low volumetric water content, all three SWCC’s have high suction, about 
100,000 kPa. . 
The SWCC value used in this research was determined from a median SWCC 
halfway between the drying and wetting SWCCs (on a logarithmic scale), as 
suggested by Fredlund et al. (2011). In Figure 4.21, this median SWCC is shown by 
the red line. Later, if all the measured SWCCs are modelled as the same soil layer in 
the numerical analysis, then the SWCC will be determined from the average of the 
median values from those three SWCCs. 
Unfortunately, all the SWCC’s do not show obvious air-entry point (AEP) and 
residual water condition point. Very severe degree of uncertainty was involved in 
this method of determining the suction from SWCCs as can be seen in Figure 4.21, a 
suction value can have 100- or even 1000-fold range against a given water content 
value. This could reflect not only the hysteresis but also the moderately accurate of 
the filter paper method due to the difficulty in measuring the SWCC. Despite this, 
the filter paper method can be applied for the entire range of suction, although the 
method might be impractical when applied for both extremely high and extremely 
low values of suction (Lu and Likos, 2004).    
 
(b) Slope-2 
SWCC was not measured at Slope-2 since this slope being selected as the location 
for preliminary field observations within the limits of available finance and time. 
Later in the numerical analysis, some SWCC prediction methods provided by the 
SEEP/W software were applied using the measurement of soil grain size distribution.  
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(a). SWCC of soil sample  from BH-1 at 1 m and 2 m depths 
  
(b). SWCC of soil sample  from BH-1 at 8 m and 9 m depths 
 
  
 (c). SWCC of soil sample  from BH-1 at 13 m and 14 m depths 
 
Figure 4.21: Results of SWCC Tests 
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Figure 4.22: Final Average SWCC from median average SWCC at 1-2m and 
8-9m for soil samples at BH1 
 
4.3.3 Results of  Permeability Test 
In the transient seepage analysis component of this research, it was planned to use 
SWCC and saturated hydraulic conductivity to predict the hydraulic conductivity 
function of unsaturated soils, for which it is important to measure the saturated 
hydraulic conductivity of the soils under laboratory conditions. Table 4.3 shows the 
measured saturated hydraulic permeability for soil samples collected from different 
depths in BH-1, BH-2, and BH-3 for Slope-1. It can be seen that the first 10 m of soil 
in the Slope-1 has an average saturated hydraulic conductivity of about 1.37 x 10-6 
cm/sec, while below 10 m depth it is about 1.83 x 10-6 cm/sec.   
Table 4.4 presents the measured saturated hydraulic permeability values for Slope-2. 
In this preliminary field observation for Slope-2, the permeability test was only 
undertaken for soil samples from two depths, 1-2 m, and 4-5 m. It can be seen that 
surface soil is more permeable than soil layer at 4-5 m depth. 
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Table 4.3: Measured saturated hydraulic permeability (cm/sec) for soil in Slope-1 
Depth (m) BH1 location BH2 location BH3 location 
1  2.16E-06 1.28E-06 
4   1.08E-06 
5  1.29E-06  
6 1.22E-06   
7 1.33E-06   
10   1.25E-06 
16 1.68E-06   
18  1.97E-06  
 
 
Table 4.4: Measured saturated hydraulic permeability (cm/sec) for Slope-2 
Depth (m) BH1 location 
1-2 2.66E-06 
4-5 7.47E-05 
 
4.3.4 Shear Strength Properties of Soils 
To obtain the shear strength parameters required for stability analysis of the slopes,  
conventional direct shear tests were performed on the soil samples collected 
following ASTM D3080 (Direct Shear Test of Soil Under Consolidated Drained 
Conditions). Following the method outlined in Chapter 3, shear strength parameters 
such as c’, ’, and b can be obtained. 
(a) Slope-1 
Soil samples collected at different depths in BH-1 in Slope-1 were tested using a 
direct shear apparatus, to obtain variations in apparent cohesion and effective friction 
angle, with the initial volumetric water content of the specimens. The results are 
summarised in Tables 4.5, 4.6 and 4.7. The suction corresponding to the initial 
volumetric water content was obtained for the SWCC shown in Figure 4.22, which is 
average SWCC of the SWCC at 1-2m and 8-9m from BH-1 as given in Figure 4.21. 
Those two SWCCs are selected since located above of the ground water table at 9m.   
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Table 4.5: Results of direct shear test using soil samples from 3 – 4 m depth 
Sample  C (kN/m2) (deg) (kPa)
S-initial 73 35 17 1.5 
S1 70 44 28 2 
S2 63 48 43 7 
S3 59 62 34 100 
 
 
Table 4.6: Results of direct shear test using soil samples from 10 – ll m depth 
Sample  C (kN/m2) (deg) (kPa)
S-initial 64 41 12 2 
S1 57 55 20 20 
S2 54 68 37 25 
S3 40 109 44 1500 
 
 
Table 4.7: Results of direct shear test using soil samples from 16 -17 m depth 
Sample d -avg 
(kN/m3)
 C 
(kN/m2) 
(deg) (kPa)
S-initial 10.43 40 23 20 200 
 
Direct shear tests using undisturbed samples taken from BH1 with variations of 
water content were undertaken. The variation in water content was only applied for 
soil samples taken from 3-4 m and 10-11 m depths, as shown in Table 4.5 and Table 
4.6, respectively. Samples from 16-17 m depth were only tested using initial water 
content, due to fact that the soil at this level was below the ground water table (refer 
to Figure 4.13).  
It can be seen from the data in Tables 4.5 and 4.6, that the apparent cohesion 
increased as the matric suction increased, due to the increase in capillary forces. 
However, the variation of the apparent cohesion (c) with suction is not regarded as 
having a high level of accuracy, as shown in Figures 4.23 and 4.24. At a depth of 3-4 
m, the effective apparent cohesion (c’) was 47.24 kN/m2 and the b was 12.020 
(Figure 4.23). At 10-11 m depth, the effective apparent cohesion (c’) was 54.15 
kN/m2 and the b was 2.060 (Figure 4.24). These less accurate results might reflect 
the impact of rapid drying of the samples and slightly different depth of taken 
samples, with changes in their density resulting in a loss of homogeneity of the 
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sample unit weights. In the direct shear tests, consistency in soil density and water 
content are required in order to achieve reliable and accurate results. The accuracy of 
SWCC used in this test also affects the result of the calculation. In a related review of 
the literature, the prediction method has been suggested by many experts as the 
preferred method for determining b, for instance Rahardjo et al. (1995).  
  
Figure 4.23: Apparent cohesion vs matric suction for  soil samples at 3-4 m  
depth 
 
 
Figure 4.24: Apparent cohesion vs matric suction for soil  samples at 10-11 m  
depth 
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(b) Slope-2 
For Slope-2, soil samples collected at different depths in the three borehole locations 
were tested in the direct shear apparatus with initial volumetric water content of the 
specimen; the results are shown in Table 4.8. It can be seen that high cohesion was 
only found at depths of 14 m and 22 m at BH-1. Very low values were found at 8 m 
depth at BH2, and 12 m depth at BH3. In every borehole location, the friction angle 
increased with depth. The highest friction angle was found at 14 m at BH2. The 
combination of low cohesion and small friction angle at 8 m depth at BH2 and 12 m 
depth at BH3 might reflect the existence of a deep crack. However, this needs 
verification using other methods.  
Table 4.8: Results of direct shear test for Slope-2 
Location 
C  ф 
(kN/m2) (degree) 
BH 1 
9 m 21.5 14.2 
14 m 2.8 20.8 
22 m 23.1 32.3 
BH 2 
8 m 9.9 17.5 
12 m 1.0 27.6 
14 m 6.2 20.5 
BH 3 
6 m 12.5 17.1 
12 m 2.1 23.9 
14 m 0.4 33.9 
 
 
4.3.5 Triaxial Testing 
In order to obtain the elastic material parameters needed in the dynamic analysis of 
Slope-1, the triaxial tests were conducted on undisturbed soil samples obtained at 
different depths in BH-1 and BH-2 in Slope-1. The density and water content of each 
sample were assumed similar to the initial conditions presented in Figure 4.17. The 
results of triaxial tests are shown in Figure 4.25 and 4.26. The elastic modulus (E) 
was obtained from the tangential value of each graph, as shown in those figures.   
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(a) BH1 – 3m    (b) BH1-14m 
 
(c) BH1-9m 
 
Figure 4.25: Results of Triaxial Test on Slope-1, BH1 location 
 
 
(a) BH2 – 5m    (b). BH2-9m 
 
(c) BH2-12m             (d) BH2-17m 
Figure 4.26: Results of Triaxial Test on Slope-1, BH2 location 
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The elastic modulus (E) was used to calculate shear modulus (G) from Equation 4.1. 
   
 
      
        (Eq. 4.1 
Poisson’s ratio is calculated as the ratio of the relative contraction strain (or 
transverse strain normal to the applied load), to the relative extension strain (axial 
strain in the direction of the applied load, as illustrated in Figure 4.27. 
Poisson's Ratio can be expressed as 
υ = - εt / εl                    (Eq. 4.2) 
where:   
υ = Poisson's ratio 
εt = transverse strain  
εl = longitudinal or axial strain 
Strain can be expressed as 
ε = dl/L                    (Eq. 4.3) 
where 
dl = change in length 
L = initial length 
 
Figure 4.27: Illustration of strains in  triaxial test 
In this research, both differentials of strain lengths are determined by manual 
measurement, using stainless steel standard vernier calipers as shown in Figure 4.28. 
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This manual measurement was undertaken due to the limitation of triaxial equipment 
used in this research. Figure 4.29 presents an example of this manual measurement in 
this research.  
 
Figure 4.28: vernier calipers made from stainless steel  used in this research 
 
(a)                                    (b) 
Figure 4.29: Manual measurement of Poisson’s ratio: (a) before and (b) after 
test 
Due to the limited number of samples, the triaxial test was undertaken only using soil 
samples with initial conditions from BH1 at depths of 3, 9, and 14 m; from BH2 at 
depths of 5, 9, 12, and 17 m. All the results of this test are presented in Table 4.9.  
Table 4.9: Elastic soil parameters from triaxial test 
location v 
E Gmax 
(kPa) (kPa) 
BH1 - 3m 0.3 2628 1011 
BH1 - 9m 0.3 546 210 
BH1 - 14m 0.3 943 363 
BH2 - 5m 0.3 1130 435 
BH2 - 9m 0.3 1406 541 
BH2 - 12m 0.3 334 128 
BH2 - 17m 0.3 540 208 
     
  
Chapter 4: Field and Laboratory Investigation of Residual Soil Slopes 151 
It can be seen from the data in Table 4.9, that the Poisson ratio (v) from soil samples 
collected from BH1 and BH2 are similar, with a value of 0.3. The highest elastic 
modulus (E) and shear modulus (Gmax) at BH1 was found at 3 m depth. At BH2, the 
high E and Gmax are shown by the result of tests on samples taken at depths of 5 and 
9 m.   
4.4 SOIL LAYERING BASED ON THE SOIL TESTING RESULTS 
Prior to modelling in numerical analysis, the actual field conditions need to be 
simplified. In this research, the investigated slopes are modelled with limited soil 
layers and straight-lines designed boundaries. Soil layering was based on the results 
of soil parameter characterization, including the bore-hole test and SPT, the soil 
classification tests and soil property tests. The most important parameters in slope 
stability related analysis, namely unit weight, cohesion and friction angle, are being 
primarily used for soil layering decision making.  
4.4.1 Soil Layers at Slope-1 
Soil layers at Slope-1 were determined using the results of the field and laboratory 
geotechnical investigations. The results from BH1 and BH2 were used to divide 
Slope-1 into two main layers (Layer 1 and Layer 2), with both locations being in a 
similar profile line (AA’), as illustrated in Figure 4.30. 
 
Figure 4.30: Illustration of soil layers in Slope-1 
As shown in Figure 4.30, Slope-1 had a length of 220 m and a maximum elevation 
difference of 50 m. The average angle of the slope surface was about 20
o
. The 
ground water table was found at 9 m depth and 6 m depth at bore-hole location 1 
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(BH-1) and location 2 (BH-2), respectively. Some surface cracks were found during 
the field observations. These surface cracks were easily visible on the surface, and 
had a width of 5 – 20 cm. A stream was found on the downside of the slope, with its 
water level at the elevation of the river at the time of the field investigation for 
Slope-1, on 4
th
 January 2011.   
In general, Layer 1 and Layer 2 are silty soils with low to high plasticity (ML – MH). 
Soil at Layer 2 is denser than the soil at Layer 1. This may be due to overburden 
pressure from the soil above. From the BH1 result in Figure 4.17, it can be seen that 
there was an increase in soil unit weight below 18m depth, from an average of 14.5 
kN/m3 to 17 kN/m3. This increased unit weight was also found at BH3 below 10m 
depth. Due to the data limitations, the shear strength parameter of the soil (C and ) 
and the saturated hydraulic permeability (ksat), were determined as average values 
from available data at some depths. Tabel 4.10 summaries the soil parameters of the 
two soil layers. 
Table 4.10: Parameter of Soil Layers at Slope-1 
Parameter Layer 1 Layer 2 
USCS Soil classification ML-MH ML-MH 
 (kN/m3) 14.5 17 
(%) 65 45 
C (kPa) 38 23 
(degree) 14 30 
ksat (cm/sec) 1.37x10
-3
 1.83x10
-6
 
 
In transient seepage analysis and unsaturated stability analysis, the variation in 
hydraulic conductivity and shear strength of the soil with its suction, are  needed. In 
this study, these properties were predicted by using saturated parameters and SWCC  
from Fredlund et al. (1994).  
Since transient seepage analysis and unsaturated stability analysis were undertaken in 
this research, the SWCC of each soil layer were needed. For Slope-1, the 
representative SWCCs for  Layer 1 was obtained from the measured SWCC data 
presented in Figure 4.22. The SWCC for the Layer 2 was assigned using its grain-
size distribution results by applying the equation proposed by Aubertin et al (2003) 
that is available in SEEP/W.  
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4.4.2 Soil Layers at Slope-2 
The results of the geotechnical investigation were used to determine the soil layers at 
Slope-2. Based on the analysis of determined soil parameters at three borehole 
locations, there are two main layers (Layer 1 and Layer 2) at Slope-2, as illustrated in 
Figure 4.31. 
 
Figure 4.31: Illustration of soil layers in Slope-2 
As shown in Figure 4.31, Slope-2 had a length of 140 m and a maximum elevation 
difference of 35 m. The angle of the slope surface was up to 30
o
. The ground water 
table was found at 12 m depth at bore-hole location 1 (BH-1). Some surface cracks in 
width 5 – 20 cm, were found during the field observations. A stream was found on 
the downside of the slope, with its water level at the elevation of the river at the time 
of the field investigation on 12
th
 June 2010 for Slope-2. 
Layer 1 and Layer 2 are silty soils with low to high plasticity (ML – MH). Layer 2 is 
denser than Layer 1; this may be due to overburden pressure from the soil above. 
From SPT results in Figure 4.14, it can be seen that there was an increase in N-value 
below 18m of depth, to average of 50. Table 4.11 summaries the soil parameter of 
Layer 1 and Layer 2. Due to the lack of data, the soil parameters of Layer-2 were 
only taken from measured data at 22 m depth at BH-1. The other data were 
determined as average values to characterize soil Layer-1.  
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Saturated hydraulic permeability (ksat) was determined as the average value from 
available data at Table 4.4 for soil Layer-1. Due to the absence of data, ksat for Layer-
2 was assigned using ksat from Layer-2 at Slope-1, since both slopes were located in 
close proximity.  
In Slope-2, SWCC was not measured for any soil type in the slope, therefore, the 
sample of SWCCs available in SEEP/W, which was used for transient seepage 
analysis in this study, were assigned to the materials in the slope based on their 
classification according to the results of the grain-size distribution test by applying 
the equation proposed by Aubertin et al (2003) that is available in SEEP/W.  
Table 4.11: Soil layer characteristicsSlope-2 
Parameter Layer 1 Layer 2 
USCS type ML-MH ML-MH 
 (kN/m3) 16* 17 
W (%) 36 38 
C (kPa) 17* 23 
(degree) 20* 32 
ksat (cm/sec) 3.87x10
-5
 1.83x10
-6
 
 
In subsequential chapters, the soil layer is combined with the intepretation of ERT 
results to determine the final soil layer for the slope model used in the numerical 
analysis. 
4.5 RAINFALL RECORDS OF THE STUDY AREA AND PREDICTION OF 
RAINFALL 
To study the rain-induced slope instability, rainfall data monitored in the field was  
used in this research. The recorded data was  collected from  rain gauges installed at 
Selorejo Dam, located not more than 5 km from the investigated slope (Slope-1 and 
Slope-2). Five years (2007 to 2011) of rainfall records are presented here, the records 
being  monthly, daily and hourly, as shown in Figures 4.30, 4.31 and 4.32, 
respectively. 
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Figure 4.32: Mothly rainfall record form 2007 to 2011 at the investigated slope. 
 
Figure 4.33: Daily rainfall record for 2007 to 2011 at the investigated slope. 
 
Figure 4.34: Hourly rainfall record for 2007 to 2011 at the investigated slope. 
 
0 
100 
200 
300 
400 
500 
600 
700 
800 
900 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
R
ai
n
fa
ll 
(m
m
) 
Time Elapse (month) 
2007 2008 2009 2010 2011 
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
200 
1
 
1
3
 
2
5
 
3
7
 
4
9
 
6
1
 
7
3
 
8
5
 
9
7
 
1
0
9
 
1
2
1
 
1
3
3
 
1
4
5
 
1
5
7
 
1
6
9
 
1
8
1
 
1
9
3
 
2
0
5
 
2
1
7
 
2
2
9
 
2
4
1
 
2
5
3
 
2
6
5
 
2
7
7
 
2
8
9
 
3
0
1
 
3
1
3
 
3
2
5
 
3
3
7
 
3
4
9
 
3
6
1
 
R
ai
n
fa
ll 
(m
m
/d
ay
) 
Time Elapse (day) 
2007 2008 2009 2010 2011 
0 
20 
40 
60 
80 
100 
120 
1
 
2
7
5
 
5
4
9
 
8
2
3
 
1
0
9
7
 
1
3
7
1
 
1
6
4
5
 
1
9
1
9
 
2
1
9
3
 
2
4
6
7
 
2
7
4
1
 
3
0
1
5
 
3
2
8
9
 
3
5
6
3
 
3
8
3
7
 
4
1
1
1
 
4
3
8
5
 
4
6
5
9
 
4
9
3
3
 
5
2
0
7
 
5
4
8
1
 
5
7
5
5
 
6
0
2
9
 
6
3
0
3
 
6
5
7
7
 
6
8
5
1
 
7
1
2
5
 
7
3
9
9
 
7
6
7
3
 
7
9
4
7
 
8
2
2
1
 
8
4
9
5
 
R
ai
n
fa
ll 
(m
m
/h
r)
 
Time Elapse (Hour) 
2007 2008 2009 2010 2011 
 156 Chapter 4: Field and Laboratory Investigation of Residual Soil Slopes 
It can be seen in data represented in Figures 4.32, 4.33 and 4.34, there was typical 
pattern of rainfall in each of the five years represented. The rainfall season occurred 
during the first 5 months and the last 3 months in every year. In the period June to 
September, several month dry season occurred, with little or no rain. The highest 
annual rainfall in the 5 year period was 2,950 mm in 2008, while the lowest recorded 
was 1,599 mm in 2010.  
Prior to real-time prediction of rain-induced slope instability, predicted rainfall data 
was needed to apply the proposed predictive method in this research. As discussed in 
Chapter 3, the amount of rainfall can be predicted using several methods, including 
by applying the prediction data from a meteorology institution by determining 
forecast values using a time series model in statistical software (e.g. SPSS) or by 
applying simple average calculations using historical rainfall data. In this section, 
comparisons were made to determine the best way for predicting  the rainfall at the 
site under investigation.   
First, the prediction of 2011 monthly rainfall using the time series model in SPSS, 
was compared with the prediction for 2011 using simple average values from 2007 to 
2010, as shown in Figure 4.35. To avoid a negative value of rainfall, the result from 
SPSS was  normalized to move the chart up to give a positive value. As can be seen 
from the graph, there was a good agreement between the normalized result of the 
predicted rainfall using SPSS and the actual  2011 rainfall, as well as with the 
average value of rainfall from 2007 to 2011. Therefore, for monthly rainfall 
predictions, both methods can potentially be used.  
 
Figure 4.35: between SPPS prediction of 2011 rainfall  and average value of 
rainfall from 2007 to 2010 
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As discussed in Chapter 3, more accurate mothly rainfall data can be obtained from 
BMKG (Indonesian goverment’s meteorology institution), which provides monthly 
rainfall forecasting data for three month periods. The data for the each three month 
forecast period can be accessed in their website at www.bmkg.go.id. The accurate 
monthly rainfall predictions by BMKG can be used in the daily rainfall predictions, 
one year in advance.   
In the second comparison, the BMKG forecasted data for October to December 2010 
was taken to be used in the prediction of daily rainfall, which was then verified using 
the actual rainfall data record from October to December 2010. For September 2010, 
BMKG had predicted the monthly rainfall for October, November and December 
(2010) to be 136 mm, 149 mm and 314 mm, respectively. 
To predict the daily rainfall from October to December 2010, first the average daily 
rainfall between October to November for the period 2007 to 2009 was calculated. 
To increase the accuracy of this forecasting method, the averages were then 
normalized using the BMKG predicted rainfall for each month. The normalization 
was undertaken by calculating the daily percentage of rainfall by dividing each daily 
rainfall record by the total rainfall recorded in a month, with these daily percentages 
being multiplied by the BMKG forecasted value for each month. Next, the 
normalized daily rainfall was cummulated to get the three month cummulative 
rainfall for the period 1
st
 October to 31
st
 December 2010.  To verify the predictived 
rainfall results, the cummulative average daily rainfall and the cummulative 
normalized daily rainfall were plotted in a chart, together with the actual  measured 
daily rainfall from 1
st
 October to 31
st
 December 2010, as shown in Figure 4.36. 
 It can be seen that the cummulative average rainfall provided an overestimate of the 
value that showed a huge discrepancy from the actual measured rainfall. On the other 
hand, the cummulative normalized daily rainfall using BMKG forecasting showed 
good agreement with the actual measured rainfall record. This result indicates that 
this normalized daily rainfall prediction method using BMKG forecasting can be 
used as the daily prediction method in this reseach. Despite the short three month 
coverage in BMKG forecasting, this method also can be applied for one year daily 
rainfall forecasting, to increase the accuracy of the rainfall forecasting method. 
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Figure 4.36: Verification of the predicted daily rainfall  after being normalized 
using  BMKG’s predicted  monthly rainfall 
In this study, prediction hourly rainfall records are needed for the real-time predictive 
method. The predicted amount of hourly rainfall was provided by using the rainfall 
records from 2007 to 2011 (5 years) to develop a spectrum of maximum and 
minimum deviation of the hourly rainfall for the whole year, as show in Figure 4.37. 
By calculating deviation of hourly rainfall in every single hour compare to previous 
hour, and then comparing the results over several years, the maximum deviation in 
each hour in a year can be determined and then plotted to make a spectrum chart. 
 
 
 
Figure 4.37: Maximum deviation chart of hourly rainfall record for  2007 to 
2011 
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This spectrum chart can be used for guidance when assigning the predicted one 
hourly rainfall in Step-2 of the proposed predictive method which was applied in this 
study. A detailed explanation of the proposed method is contained in Chapter 3.  
 
4.6 EARTHQUAKE RECORDS OF THE AREA 
Indonesia is a country that is located in a high seismic activity area. There are three 
active tectonic plates in the Indonesia region, namely the Pacific plate, the Eurasia 
plate and the  Indo-Australia plate, as shown in Figure 4.38.   
 
Figure 4.38: Map of active tectonic plates in the Indonesia Region (Elnashai et 
al, 2007). 
One of the main islands in Indonesia with the densest population is Java Island. This 
island is located near the meeting arc of the subduction of the Indo-Australia plate 
under Eurasian plate, with an average moving rate about 5 cm/yr. Figure 4.39 shows 
some the huge recorded earthquakes in the Java region. From Figure 4.39, it can be 
seen that the biggest and closest earthquake event to the slope investigated in this 
resarch (yellow dot) was the earthquake in Yogyakarta (green dot) which occurred 
on 27th May 2006 (Elnashai et al, 2007). 
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Figure 4.39: Historical earthquakes in Java region (Elnashai et al, 2007). 
Information of a reliable seismograph recording station (YOGI Station), indicates 
that the Yogya earthquake was reported as 6.3 M with the time-history record of 
acceleration as shown in Figure 4.40. 
 
Figure 4.40: Yogya’s earthquake time-history record (Elnashai et al, 2007). 
 
This Yogya earthquake is taken as a typical earthquake for dynamic analysis in this 
research. The peak acceleration of 0.25 g following the Indonesia seismic hazard 
map (Figure 4.41) was applied in the dynamic analysis in this research area (Irsyam 
et al., 2008).  
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Figure 4.41: Indonesian Earthquake Zone Map (Irsyam et al., 2008). 
 
4.7 SUMMARY  
In this Chapter 4, significant data for this research were presented, including: 
- the results of field and laboratory investigations of soil samples taken from 
the two investigated slopes, named Slope-1 and Slope-2.  
- soil layering based on the result of geotechnical investigation  
- rainfall record and prediction. 
- earthquake record in the investigated area. 
All analysis in the subsequent chapter will refer to the data result in this chapter. 
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Chapter 5: Evaluation of Detection of Deer 
Cracks in Soil Slopes  
 
5.1 INTRODUCTION 
Prior to numerical analyses in this research, the field investigations were conducted in 
the selected slope to obtain deep crack characteristics, geometrical parameters, soil 
stratification, and soil samples for laboratory measurements of saturated/unsaturated 
soil properties. The results of the site characterization, as presented in Chapter 4, were 
then used to detect deep cracks in the selected soil slope. In this chapter, first an attempt 
is made to use bore-hole data to verify the locations of deep cracks detected by 
Electrical Resistivity Tomography (ERT). Then, assuming the deep cracks were caused 
by earthquakes, the dynamic analysis of the slope subjected to typical earthquake 
loading is considered and the results are compared with the depth and location of the 
cracks detected by ERT.  
5.2 CRACK DETECTION USING ELECTRICAL RESISTIVITY 
TOMOGRAPHY    
Cracks in soil slopes have a significant effect on the rain-induced slope instability. A 
number of articles have shown that cracks affect the stability of natural slopes 
(Chowdhury & Zhang, 1991; Yao et al., 2001; Li, 2009). Soil is in an unsaturated 
condition when cracks develop, due to natural forces such as soil shrinkage, 
earthquakes, or creep. Surface water runoff can fill these cracks with imported soil that 
can change the behaviour of the soil slope due to differences in characteristics and 
strength. The in-filled crack materials with their loose density will saturate faster than 
the natural soil of a slope. This condition will build positive pore-water pressure in the 
soil that affects slope stability. 
The stability of slopes with surface cracks and rain water infiltration has been widely 
investigated (Baker, 1981; Lee et al., 1988; Chowdhury and Zhang, 1991; Yao et al., 
2001; Li, 2009). However, few researchers have examined the effects of deep cracks in 
soil slopes, and those few researchers have not explicitly addressed the effects of deep 
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cracks on the stability of slopes. Limited availability of deep crack data, due to the lack 
of effective investigation methods, could be one of the obstacles to research in this area.   
Surface cracks in soil can be easily seen. In contrast, it is difficult to detect deep cracks 
unless special equipment for ground investigations, such as geophysical tools, is used. 
The application of geophysical methods may be useful in ground investigations, 
especially at the reconnaissance stage. Although there are limitations to the information 
that can be obtained, geophysical methods can produce rapid and economic results 
(Craig, 2004). Based on different physical principles, several geophysical techniques 
can be used as non-destructive test methods in ground investigations. Three of the 
techniques that can be used to identify soil cracks are based on seismic refraction, 
electromagnetic wave refraction, and electrical resistivity. 
Ground investigations using electrical resistivity methods have been used by 
Samouelian et al. (2003), Friedel et al. (2006), Oh & Sun (2007), Tabbagh et al., 
(2007), Zhu et al. (2009), Sudha et al. (2009). The electrical resistivity method 
determines soil type by using electrical resistances differences in different soil types. 
The flow of electrical current can move through a soil due to electrolytic action. Water 
content and concentration of salts will then measure the resistivity of soil. For example, 
a saturated soil with high void ratio would be detected as having low resistivity, due to 
the significant quantity of pore water and free ions in the water.  
One promising application of electrical resistivity methods is Electrical Resistivity 
Tomography (ERT), which provides an electrical image of the subsurface soil, which 
can be used for the early detection of soil layers. Colangelo et al. (2008) have used ERT 
for obtaining information on the deep characteristics of the landslide bodies such as 
sliding surface location, thickness of the slide materials, etc.  
This chapter, first discusses the procedures for soil investigations to detect deep cracks 
on unsaturated residual soil slopes using an electrical resistivity tomography (ERT) 
method. Bore-hole and SPT data were then used to verify the results of ERT.
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5.2.1 Methodology 
As outlined in Chapter 4, a residual soil slope with sparse vegetation in Jombok village, 
Ngantang city, Indonesia, was selected for this research. The investigation of deep 
cracks took place at Slope-1. Local authorities had reported that downstream of Slope-1 
had experienced sliding, one year before this investigation was conducted 
(Rachmansyah, 2010). Some surface cracks emerged on the upper side of the soil slope. 
Electrical resistivity tomography was used to investigate the crack. Two ERT methods 
used in this research were Dipole-dipole array and Azimuthal array.  
Electrical resistivity tomography (ERT) was used for subsurface exploration along four 
profile lines at observed slope locations, as illustrated in Figure 5.1. The objective of 
the ERT was to detect deep cracks in the upper side of the soil slope.  
 
Figure 5.1: Map of the Slope-1 showing the dipole-dipole ERT profile lines, Azimuthal 
array points (A1 and A2) and borehole locations (BH-1, BH-2 and BH-3) 
The ERT injects a direct current (D.C.) into the ground to initiate electrical responses. 
These responses indicate soil resistivity values that affected by the characteristic of the 
soil, such as density, water content and clay content. In general, the nature of 
anisotropy can be seen from the existence of cracks in a soil layer. For detecting the 
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potential location of the deep crack, therefore, the density or porosity of soil and water 
content will be the vital indicators in soil characterization.  
As discuss previously, the clay content in the soil matrix also affects soil resistivity. A 
mobile cloud of additional ions can be formed around each clay particle by the ion 
exchange properties of clay. As these ions will facilitate easy flow of electrical current, 
electrical resistivity in fine-grained soils, such as clay, is always lower than expected 
(Zhdanov and Keller, 1994). Therefore, the results from ERT need to be verified using 
a geotechnical test to ensure that the low resistivity of soil at potential deep crack 
location only being affected by the water content inside high porosity soil or low 
density soil with less clay content. 
There are some techniques can be applied in ERT. However, a popular technique, 
namely Dipole-dipole array, provides the highest resolution when compared with other 
arrays, such as Wenner arrays and Schlumberger arrays. In addition, dipole-dipole array 
is most sensitive to vertical resistivity boundaries (Griffiths and Barker, 1993; Zhou et 
al., 1999; Santos et al., 2009), as is needed for deep-crack detection. Santos et al. 
(2009) stated that this array is more efficient for delineating the direction of faults when 
compared with others. Hack (2000) also reported that Dipole-dipole array is suitable for 
vertical structures, vertical discontinuities, and cavities. After comparing Wenner and 
Dipole-dipole arrays, Neyamadpour et al. (2010) concluded that the Dipole-dipole array 
produced a better lateral extension of the subsurface features. Therefore, in this 
research, the ERT survey was carried out using the Dipole-dipole array method along 
the profile lines (shown in Figure 1) at an acceptable inter electrode spacing of 10 m, as 
applied by Colangelo et al. (2008). To gain comprehensive results there were 3 profile 
lines, each 150 m long, with a 5 m spacing.  
To obtain more detailed identification of deep cracks in subsoils, an Azimuthal 
Resistivity Technique (ART) was used in the possible soil cracks zone. Basically, the 
principle of ART is similar to ERT using Dipole-Dipole array, but in ART the 
configuration is modified into a square and rotated measurement, as explained in 
Chapter 3. As shown in Figure 5.1, there were two locations for the ART: at the middle 
of Profile Line 1 (location A1) and on the nearby visible surface crack (location A2).   
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Azimuthal resistivity techniques can be used to determine the direction of vertical 
cracks in the soil (Senos-matias, 2002; Busby & Jackson, 2006 and Schmutz et al., 
2006). A square arrays configuration was selected for use in this study, to indicate the 
existence of anisotropy of the medium. This method characterizes the soil crack by 
using minor resistivity that indicates the angle direction of soil cracks and the 
influential depth of the crack zones. An incremental array size (a) from 2 m to 12 m 
was used. The depth of soil crack (D) was determined using equation 5.1.   
        (Eq. 5.1) 
In this research, the response of soil resistivity was recorded using a resistivity meter 
produced by OYO (type 2 2D, Serie 380275, production year 2006). The soil resistivity 
data were then analysed using Res2Div licensed software at the Faculty of Science, 
Brawijaya University, Indonesia. 
Some geotechnical investigations (SPT and soil sampling) were carried out in the 
selected slope, in order to characterize the subsurface soils. Three borehole tests were 
conducted at BH1, BH2, and BH3, as shown at Figure 1. At every 2 m depth in each 
borehole, an SPT test was performed following the procedure of the American Society 
for Testing and Material (ASTM) Standard. Soil samples collected at every 1m depth in 
each borehole were used to determine water content, specific gravity, Atterberg limits, 
dry unit weight, grain size distribution, and shear strength using the direct shear test in 
the laboratory following ASTM testing procedures. The results of SPT test and other 
laboratory tests conducted on soil samples obtained from the boreholes, were used to 
verify the location of the cracks detected by ERT. 
5.2.2 Results and Discussion 
Figure 5.2 presents the ERT Dipole-dipole array results, showing the soil resistivity 
distribution of the subsurface soil in the study area. A significant variation in soil 
resistivity at different depths along the profile lines can be observed. The soil resistivity 
in the area ranges from 1 to 2000 Ωm, indicating a wide variation in soil type, clay 
content of the soil, porosity, and water content. In general, low soil resistivity was 
measured for the surface soil layers (5 – 10 m depth). This would be due to high water 
content in the surface soil, as this test was conducted in the rainy season. 
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 (d) Profile Line 4 
Figure 5.2: Results of ERT along 3 profile lines 
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Local zones with very low resistivity (3 – 30 Ωm) could be identified as possible 
locations for cracks. Soil crack zones have very high porosity and high water content in 
the rainy season, as rain water can easily seep into the cracks. This hypothesis was 
justified in profile line 1 (Figure 5.2.a), as the visible surface crack coincides with the 
very low resistivity zone in the subsoil. However, it was not possible to perform a 
resistivity test in the vicinity of the surface crack in profile line 2 (Figure 5.2.b) and 
profile line 3 (Figure 5.2.c), due to the accessibility issues in the area.  
The low resistivity zones at the horizontal distance (from A) between 60 m to 130 m 
and at depth 0 to 12 m, were consistent in all three profiles. This suggests possible 
transverse cracks in this area, as shown in profile line 4 (Figure 5.2.d) that crosses over 
the three other profile lines. This possible transverse crack can also be observed at 
Figure 5.2.d, whereas a local zone with very low soil resistivity was found at the 
horizontal distance (from B) between 35 m to 55 m and at depth 0 to 12 m. 
Possible cracks could be investigated by using the results of ART in the selected 
locations, as shown in Figure 5.3. It was found that: at location A1, cracks in the soil 
were detected in a direction of 135° from the north, 0 to 5.65 m deep; at location A2, a 
non linear crack direction was found. From the surface to a depth of 1.41 m, the crack 
began at an angle of 165˚ from the north (N 165 E). From the depth of 1.41 m to 4.24 
m, the direction of the crack changed to an angle of 180˚ from the north (N 180 E). 
Then from a depth of 4.24 m to 5.65 m, the crack direction lies between an angle of 
180˚-195˚ from the north (N 180-195 E). 
The results of Dipole-dipole and ART at A1 are consistent, and suggest a possible crack 
at this location was detected as low soil resistivity value. The results of the ART 
conducted at A2 confirm the existence of the deep crack as a continuance of visible 
cracks on the surface (see Figure 5.1).  
Since soil resistivity is affected by clay content and soil density, in addition to soil 
water content, it is important to use the measured soil parameters such as density, 
grainsize distribution and water content of soil in the site, to verify the size and the 
locations of cracks detected by ERT. The existence of cracks can be determined by the 
presence of high porosity and water content in the wet season.  
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At bore hole location 1 (BH-1), it can be seen that a low soil resistivity zone was found 
at a depth of 7 m to 9 m (less than 50 Ωm), as illustrated in Figure 5.4. At this depth, 
there was an average volumetric water content of 65%, and an average clay content of 
20%. Therefore, the low resistivity at the depth 7 m to 9 m could have been mainly due 
to the high water content, rather than an effect of the clay content. Based on the above 
information, a deep crack could be located at the depth of 7 m to 9 m. It was further 
confirmed that the soil at 7 m to 9 m depth has high porosity and low unit weight of 
around 68% and 14 kN/m3, respectively.   
 
 (a)                                   (b)  
Figure 5.3: Results of Azimuthal Resistivity Technique: (a) at A1, (b) at A2 
At bore hole location 2 (BH-2), a low soil resistivity zone was found at a  depth of 1 m 
to 2 m, and 7 m to 9 m, as shown in Figure 5.5. At 1 m to 2 m depth, an average 
volumetric water content of 60%, and an average clay content of 40%, were measured. 
At the depth of 7 m to 9 m, an average volumetric water content of 66% and an average 
clay content of 30%, were measured (Figure 5.5). Therefore, the low resistivity at the 
depth of 1 m to 2 m could have reflected the high clay content, while the water content 
could have been an influential factor in determining the low resistivity at a depth of 7 m 
to 9 m. Based on the above information, a deep crack could be located at depth 7 m to 9 
m. This can be further confirmed by the high porosity of 69% and the low dry unit 
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weight of 8 kN/m3 measured at this depth. By direct observation of the ERT results 
obtained in a wet season (Figure 5.2.c), it could be possible to see the crack location (at 
a depth of 7 m to 9 m in BH-2), which is confirmed by results from the detailed soil 
investigations for BH-2.  
A low soil resistivity zone was also found at a depth of 2 m to 9 m at bore hole location 
3 (BH-3) as shown in Figure 5.6. At the depth of 2 m to 5 m, an average volumetric 
water content of 70% and an average clay content of 18%, were measured. At the depth 
of 6 m to 9 m, an average volumetric water content of 50% and an average clay content 
of 35% were measured (Figure 5.6). Therefore, the low resistivity at the depth of 2 m to 
5 m could be mainly due to the high water content, while the clay content could be an 
influential factor contributing to the low resistivity at 6 – 9 m depth. Based on the 
above information, a crack could be located at a depth of 2 m to 5 m. This can be 
further confirmed by the high porosity of 70% and the low dry unit weight of 7 kN/m3 
measured at this depth. The direct observation of ERT results obtained in a wet season 
(Figure 5.2.a) could identify the crack location (at 2 -5 m depth in BH-3), which is 
confirmed by the results of the detailed soil investigation at BH-3.  
From the verification results at BH-1, BH-2, and BH-3, it can be concluded that ERT 
has ability to detect the crack zone in the soil slope by identifying soil with low 
resistivity, clay content and density. 
 
Figure 5.4: Soil parameters at BH-1: (a) N-value, (b) Unit weight, (c) Porosity, (d) 
Volumetric water content, (e) Resistivity, (f) Grain-size distribution  
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Figure 5.5: Soil parameters at BH-2: (a) N-value, (b) Unit weight, (c) Porosity, (d) 
Volumetric water content, (e) Resistivity, (f) Grain-size distribution 
 
 
Figure 5.6: Soil parameters at BH-3: (a) N-value, (b) Unit weight, (c) Porosity, (d) 
Volumetric water content, (e) Resistivity, (f) Grain-size distribution 
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5.2.3 Limitations of ERT  
Despite the advantages of ERT, there are also some limitations that have to be 
considered. Zhou et al. (1999) stated that ERT couldn’t determine the exact depth of 
the bedrock surface from the true resistivity tomographs, because even a sharply 
contrasting limestone/clay boundary appears transitional on the processed image. 
Therefore, the position of the bedrock/overburden boundary cannot be interpreted 
accurately unless “ground-truth” data is available for verification. The interpretations 
should not be used to pinpoint localized features in the field unless the data is 
confirmed by several intersecting transects with different orientations. 
Data collected from the Dipole-dipole array, as used in this research, is easily 
affected by near-surface resistivity variations (Griffiths and Barker 1993), and 
therefore can produce unclear data (Zhou et al., 1999). The depth of this type of 
investigation is shallower than for the other arrays, has lower quality for identifying 
horizontal structures, and the signal strength becomes smaller for wider electrode 
distances (Hack, 2000).  
Another important parameter to be considered in ERT results is the Root-Mean-
Square (RMS) error value that quantifies the difference between the measured 
resistivity values and those calculated from the true resistivity model of the 
subsurface. The 2-D model used in this research is based on the model used by the 
Res2Div software that divides the subsurface into a number of rectangular blocks as 
shown in Figure 5.7. These rectangular blocks that correspond to the number of 
measurement point (Figure 3.2) were used to calculate the resistivity soil using quasi-
Newton optimisation method (Res2dinv Manual, 2004).    
A small RMS error value indicates a close match. A large RMS error value shows a 
lack of agreement between the two values. The ERT results in this investigated slope 
(Slope-1) showed a value of RMS error of around 30%. This result could have been 
due to unusual ground conditions, such as: 
 Different slope angles along the observed profile line that affect the 
distance between the electrodes as measured along the ground surface. 
The distance between adjacent electrodes along the ground is greater in 
areas where the slope is steeper. 
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 Shorting of the electrodes due to very wet conditions.  
 Roots from vegetation containing water that can produce unclear data. 
 
Figure 5.7: Configuration of rectangular blocks used in 2-D model (adopted 
from Res2divn Manual, 2004)   
 
However, based on a geological/geotechnical perspective, the best model might not 
always come from the model with the lowest possible RMS error value, as it can 
sometimes shows large and unrealistic variations in the model resistivity value. In 
general, the most prudent approach is to choose the model at the iteration, after 
which the RMS error value does not change significantly (Res2divn Manual, 2004). 
Therefore, after the result of verification using geotechnical data has showed a good 
agreement, then the ERT result in this research can be accepted for further analysis. 
ERT reliability in crack detection is also distracted by dry soil conditions, when infill 
material or water is absent from inside the soil crack. The result of the ERT tends to 
give a high resistivity value in response to existence of the crack in the dry season. 
For example, ERT was conducted in the dry season at Slope-2, as shown in Figure 
5.8. The result of this ERT shows some high resistivity values which coincide with 
the location of the surface crack as presented in Figure 5.9.  
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Figure 5.8: Map of the Slope-2 showing the dipole-dipole ERT profile lines, 
and borehole locations (BH-1, BH-2 and BH-3) 
 
Figure 5.9: ERT result from the observed Slope-2 (along the BB’ cross-
section)  
If ERT is conducted in the dry season, it is difficult to differentiate whether the high 
resistivity value is in response to soil cracks or a dense soil layer. Therefore, it is 
recommended that, to detect deep cracks, the ERT be conducted in the wet season.  
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5.3 SOIL LAYERING BASED ON THE RESULT OF ERT 
In this section, the use of the ERT results to introduce the crack zones and crack 
material in the soil slope model is discussed. As presented in Chapter 4, two main 
layers were identified in Slope-1 and Slope-2, based on the bore-hole tests and SPT, 
the results of laboratory soil classification, and the soil property tests. The slope 
model was then developed based on the interpretation of ERT results, as outlined in 
the following sections. The results of ERT at Slope-1 and Slope-2 that were used for 
soil layering are shown in Figures 5.2 and 5.8, respectively. 
As discussed in the previous section, the zone of possible deep crack locations were 
detected by identifying soil with low resistivity values, low clay content, and low 
density. This zone with resistivity less than 10 ohm.m is represented by blue coloring 
in Figures 5.2 and 5.9.  
Combining the results of soil layering and crack detection, the general soil 
stratification of Slope-1 and Slope-2 can be presented with two layers of subsoils 
with possible zones associated with deep cracks, as shown in Figures 5.10 and 5.11, 
respectively. The possible zones of deep crack locations were termed as “weak 
zones”. Moreover, since deep cracks cause the direct infiltration of rainwater into 
soil slope (Gofar et al., 2006; Wang et al., 2011), a very high hydraulic conductivity 
thin material (less than 20 cm) was introduced in the modelling, to facilitate the 
direct infiltration process which is located in the centre line of the weak zone.  
 
Figure 5.10: Illustration of soil layers in Slope-1 with crack zone and material 
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Figure 5.11: Illustration of soil layers in Slope-2 with crack zone and material 
 
Tables 5.1 and 5.2 present the soil parameters used in the Slope-1 and Slope-2 
models, respectively. The weak zone is the silty soil layer that is being disturbed by 
direct rain-water infiltration through the soil deep crack. Layer 1, Layer 2, and the 
weak zone soil  properties, which were obtained from the results of laboratory 
studies, are described in Chapter 4.  
In this study, some of the  properties of the weak zone were not measured, but were 
estimated based on the studies of Zhang et al. (2000), Gofar et al. (2006), Das 
(2010), and Wang et al.(2011). For Slope 1, the weak zone was represented by the 
soil at 7m to 9m depth at location BH-1 (see Figures 5.2 and 5.4). For Slope-2, the 
soil at 8m and 12m depth was used to represent the weak zone (see Table 4.1 in 
Chapter 4 and Figure 5.9 in this Chapter).    
As indicated by Zhang et al. (2005) that 30% increasing of moisture content can 
decrease the shear strength until 80% from the initial shear strength developed by 
compaction at the optimum moisture content, therefore, the unmeasured soil shear 
strength parameter of the weak zone was predicted using the parameters of soil 
Layer-1 with 80% value decreasing. Furthermore, Gofar et al. (2006) and Wang et al. 
(2011) have suggested assuming that the shear strength of the crack material as 
having zero value.   
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Due to the existence of a deep crack, the saturated hydraulic permeability (ksat) of the 
weak zone can be assumed as ksat of material with high permeability, such as coarse 
sand or fine sand (Gofar et al, 2006). After considering the weak zone as having ML 
or MH soil type (similar to Layer-1), fine sand or silty clay could be the proper 
assumption in this case, that is still included in ML or MH soil types. Typical values 
of ksat from Das (2010), as shown in Table 5.3, were used as the assigned ksat values 
for the weak zone.  
Table 5.1: Parameter of Soil Layers at Slope-1 
Parameter Layer 1 Layer 2 Weak zone 
USCS Soil classification ML-MH ML-MH ML-MH 
 (kN/m3) 14.5 17 13 
(%) 65 45 68 
C (kPa) 38 23 8 
(degree) 14 30 3 
ksat (cm/sec) 1.37x10
-6
 1.83x10
-6
 0.001 
 
Table 5.2: Parameter of Soil Layers at Slope-2 
Parameter Layer 1 Layer 2 Weak zone 
USCS type ML-MH ML-MH ML-MH 
 (kN/m3) 16* 17 15 
W (%) 36 38 43 
C (kPa) 17* 23 5.4 
(degree) 20* 32 17.5 
ksat (cm/sec) 3.87x10
-5
 1.83x10
-6
 0.001 
 
Since transient seepage analysis and unsaturated stability analysis were undertaken in 
this research, SWCC of the weak zone was needed. For Slope-1, the SWCC for the 
weak zone was assigned using its grain-size distribution results by applying the 
equation proposed by Aubertin et al (2003) that is available in SEEP/W. The grain 
size distribution for soil taken from 7m to 9m depth at location BH-1 was used as 
being representative of the weak zone in Slope-1 (see Figure 5.4). Due to the absence 
of data for verification of the weak zone soil, the SWCC of the weak zone at Slope-2 
was assigned by using a similar SWCC value as for the weak zone at Slope-1 (see 
Figure 4.22), as both slopes were in close proximity.  
  
Chapter 5: Evaluation of Detection of Deer Cracks in Soil Slopes 179 
Table 5.3: Typical Hydraulic Permeability from Das (2010) 
Soil Type 
k sat 
(cm/sec) (ft/min) 
Clean gravel 100 - 1.0 200 - 2.0 
Coarse sand 1.0 - 0.01 2.0 - 0.02 
Fine sand 0.01 - 0.001 0.02 - 0.002 
Silty clay 0.001 - 0.00001 0.002 - 0.00002 
Clay < 0.000001 < 0.000002 
 
In this research, the deep crack line at the center of the weak zone tha has a very high 
hydraulic conductivity was assumed to be ‘material’ rather than as a ‘boundary 
condition’ in modelling. The shear strength of this deep crack material was assumed 
to be zero (Wang et al., 2011) to represent the very low soil particles interaction or 
bonding. There are two important parameters to be assigned for this deep crack 
material in the transient seepage analysis, these being SWCC and saturated hydraulic 
permeability. Wang (2011) developed SWCC and hydraulic permeability for cracked 
soils with random aperture distribution, as presented in Figures 5.12. In this 
theoretical method, a  mean crack aperture of 5 mm, a  standard deviation of the 
crack aperture of 5 mm, and a  scale of fluctuation of 8 mm, were assigned. The ksat 
of the crack material was assigned as 10 cm/sec and assumed to be as porous as 
gravel. Due to similarities in crack existence the suggested SWCC from Wang et 
al.’s (2011) research was used in the Slope-1 and Slope-2 models in this study.  
 
Figure 5.12: SWCC for a crack material (adopted from Wang et al., 
2011) 
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5.4 DYNAMIC NUMERICAL ANALYSIS OF THE SLOPE  
As discussed in the Literature Review in Chapter 2, cracks in the soil can be induced 
by earthquakes. Since the investigated slope in this study is located in a high 
seismically active zone, it is possible that the detected cracks in the slope could have 
be caused by earthquakes.  
In this section, dynamic numerical analysis is conducted on Slope-1, which is 
subjected to typical earthquake shaking of the area. Finite element based software 
(QUAKE/W) was used for this analysis. The results of the analysis are then used to 
identify possible crack locations (tensile stress zones in soils can be potential crack 
locations). The cracks identified in the slope by the numerical analysis are then 
compared with cracks identified in the field investigation. If it is possible to identify 
the site, orientation, and location of the deep cracks in a slope using dynamic 
numerical analysis (assuming cracks are formed by earthquakes), considerable time 
and expense required for identifying cracks in the field can be saved. 
5.4.1 Geometric Modelling in QUAKE/W 
The residual slope investigated in this study can be modelled in QUAKE/W, as 
shown in Figure 5.13. Four nodes quadratic elements were used to generate the FEM 
mesh. Two soil layers are identified by the borehole data. The geometry of the slope 
and the location of the water table are based on information from the field 
investigation.    
 
Figure 5.13: FEM model of the Slope used in QUAKE/W 
  
Chapter 5: Evaluation of Detection of Deer Cracks in Soil Slopes 181 
5.4.2 Material Model Properties 
The site investigation indicated that the general stratification of the slope consisted of 
two layers, Layers 1 and 2. A linear elastic material model was chosen for both soil 
layers, due to its simplicity. According to the Unified Soil Classification System, 
both Layers 1 and 2 were classified as being predominantly Silt of low to high 
plasticity (ML – MH). The measured soil properties for each layer of soils are 
presented in Table 5.4. The measured soil parameters were used to predict some 
unknown/unmeasured soils parameter in this study, such as Damping ratio, Pore 
water pressure (PWP) function, Shear stress correction function (Ka), Overburden 
correction function (Ks), and Cyclic number function (the detail of the prediction 
method used is presented in Chapter 3). 
Table 5.4: Soil layer characteristics of Slope-1 
Parameter Layer 1 Layer 2 
Sand (%) 25.17 14.77 
Silt (%) 57.85 55.74 
Clay (%) 16.45 29.49 
PI 24 20 
Soil class. using USCS ML-MH ML-MH 
 (kN/m3) 14.5 17 
Confining Pressure (kPa) 15 170 
Poisson Ratio 0.3 0.3 
Gmax (kPa) (average) 528 363 
 
 
5.4.3 Earthquake Records 
The slope model would have been subjected to an earthquake according to the time-
history record of the Yogya’s earthquake on 27 May 2006, as illustrated in Figure 
5.14. (Elnashai et al, 2007). This record was chosen as representing the nearest 
location of the most recent big earthquake (almost 500 km from the selected slope in 
Jombok village). QUAKE/W interprets the earthquake record in term of g, with the 
peak acceleration being in 0.25 g following the Indonesia seismic hazard map, the 
duration being 20 seconds (Irsyam et al., 2008).  
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Figure 5.14: Yogya’s earthquake time-history record 
 
5.4.4 Initial Static Analysis 
The first step in any QUAKE/W analysis is to establish the in-situ stress state 
conditions that exist before the occurrence of the earthquake. The most important soil 
properties required for the Initial Static analysis is the total unit weight of the 
materials, Poisson’s ratio (ν) and shear modulus (Gmax). In QUAKE/W, Young’s 
modulus (E) is not directly specified. Internally in computer code, E and G are 
expressed by, 
  
 
      
          (Eq. 5.2) 
Boundary conditions have to be applied in the model. A zero x-displacement 
condition was specified along the vertical edges to allow the ground to move in a 
vertical direction, but was fixed in the horizontal direction since it was being 
assumed that there was no lateral force during the initial static analysis, with only a 
vertical force being potentially possible. For the base, a zero displacement in both the 
horizontal (x) and vertical (y) directions were applied to address the fixed condition 
of the base. The initial pore-water pressure was defined by specifying the ground 
water-table. Figure 5.15 presents the slope model for the initial static analysis. 
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Figure 5.15: Slope-1 model for Initial Static Analysis  
 
Figure 5.16 shows the in-situ condition results that visualize: (a) total vertical stress, 
(b) pore water pressure, and (c) effective vertical stress. It can be noticed from the 
Figure 5.16.(a) that the total vertical stress at point history ‘B’ (b
T
) is about 100 kPa. 
The corresponding pore water pressure (ub)is about (-50) kPa, as shown in Figure 
5.16. (b). Therefore, it can be calculated that the effective vertical stress at point ‘B’ 
(b
’
) should be about 150 kPa as it correctly showns in Figure 5.16.(c). These results 
are then are used in the dynamic analysis.  
 
(a) Total vertical stress contours 
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(b) Pore water pressure contours 
 
(c) Effective vertical stress contours 
Figure 5.16: Initial Static Analysis Results of Slope-1 
5.4.5 Dynamic Analysis 
The next step was to apply the equivalent dynamic analysis by creating the initial 
static analysis as the ‘parent” file to get the initial stress and pore-water pressure as 
inputs. The boundary conditions at the vertical ends of the model have to be changed 
for the dynamic analysis. The ground is allowed to sway from side to side when the 
horizontal earthquake accelerations are applied, but the vertical movement is fixed. 
Figure 5.17 depicts the slope model for the dynamic analysis. 
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Figure 5.17: Slope-1 model for Dynamic Analysis  
 
In QUAKE/W, earthquake ground motion is always applied at the lower boundary of 
the model. Due to the lack of geological data for this study, the bedrock location was 
assumed to be a hard soil layer that can be analysed using an SPT N-value of more 
than 50 (Rogers, 2006). By interpolating the N-value in Figure 4.13 in Chapter 4, the 
N-value of 50 can be found at about 20 m depth. Therefore, in this model, bedrock is 
assigned at 20 m under the toe of the slope model. 
The soil is modelled as linear elastic material, with Gmax as presented in Table 5.4 
and being assigned a moderate damping ratio for a Silty soil as a constant 0.1 (10%) 
(Kramer, 1996).  
5.4.6 Results and  Discussion 
The possible crack locations were determined from tensile stress zones in the soils 
which are expressed as the negative or minimum effective stresses. Therefore, the 
lower the effective stress, the higher the susceptibility to cracking.  
Figure 5.18 presents the contours of minimum effective stress as the dynamic 
analysis result after the earthquake. It can be seen that some locations in the slope 
have very low values for effective stress. These locations can be interpreted as zones 
of potential crack in the soil slope. 
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The results of the dynamic analysis were compared with the depth and location of the 
cracks detected by ERT. Figure 5.19 presents the combined figure between the 
contour of minimum effective stress (from 0 to 50 kPa) and the deep crack 
illustration from the ERT result. From the comparison in Figure 5.19, it can be seen 
that there is relatively only little agreement between the estimated crack location 
from QUAKE/W, and the measured field crack location using ERT. This result could 
reflect a low level of correlation between the assumptions and prediction method for 
soil parameters that was used in the numerical analysis is less accurate.  
 
Figure 5.18: Minimum effective stress contours 
 
Figure 5.19: Zone of potential crack in soil slope after simulated earthquake 
shaking  
However, despite this low level of agreement, the result of the numerical analysis 
shows a similar crack location zone to the ERT results, this zone being between 10m 
to 30m of depth from the ground surface. To improve the level of accuracy of 
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analysis of crack detection using QUAKE/W, the following recommendations are 
made:  
- All needed soil parameters have to be determined using appropriate 
techniques.  
- The bedrock location should be properly investigated.   
- Access to more earthquake records for areas near the location under study 
might help give a greater degree of accuracy.  
5.5 CONCLUSIONS  
The main conclusions drawn from the discussion in this chapter are summarised as 
follows:  
 Soil resistivity can be affected by water content, density, and clay content of 
the soil. 
 ERT results can be used to detect deep cracks in the subsoil effectively, if 
ERT is conducted in the wet season, due to the presence of infiltrated 
rainwater. 
 ERT results should be interpreted cautiously due to the limitations of this 
technique. Verification using other methods is needed before being able to 
draw valid conclusions.  
 For subsequent analyses in this study, the measured field cracks location 
using ERT are used, due to the low level of accuracy of the estimated crack 
location using QUAKE/W.  
 Deep crack existence in soil slope can be introduced in slope model by 
assigning the ‘weak zone’ to represent the zone of possible crack location, 
and the ‘crack material’ to represent the material of deep crack that has very 
high permeability and very low shear strength. 
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Chapter 6: Effect of Deep Cracks on Slope 
Stability and Application of the 
Proposed Prediction Method  
 
6.1 INTRODUCTION 
Chapter 5 has evaluated and suggested the usage of Electrical Resistivity Tomography 
(ERT) for detecting deep cracks in natural soil slopes, by analysing field and laboratory 
investigations of Slope-1. The accurate detection of the existence of deep cracks on soil 
slopes is important, as the stability of the slope could potentially be affected by location, 
and depth of cracks in the slope. Therefore, the first part of this chapter investigates the 
effects of a crack, its location, and its depth, on the rain-induced instability of Slope-1 
by conducting parametric analysis on slope stability, coupled with transient seepage 
analysis of the slope. The second part of this chapter presents the application of the 
proposed rain-induced slope instability prediction method to Slope-1, to predict its 
instability (in real-time if required) in 2012. The final part of this chapter presents the 
full application of the proposed rain-induced slope instability prediction method to 
actual landslide occurrence at Slope-2. 
6.2 INVESTIGATION AND MODELLING OF SLOPE-1 
In the modelling and analysis of Slope-1 using SEEP/W and SLOPE/W, it was 
important to obtain the slope’s geometrical data, sub-soil conditions (soil stratification 
and soil cracks) in the slope, ground water conditions in the slope, and soil properties 
such as saturated and unsaturated shear strength, and hydraulic properties of soils in the 
slope. The necessary parameters for the numerical analysis of Slope-1 were obtained 
from field investigations and laboratory soil testing. 
Slope-1 was investigated from December 2010 to January 2011. The slope, along four 
profile lines (Figure 4.8), was investigated by using Electrical Resistivity Tomography 
(ERT) from 28
th
 - 31
st
 December 2010, while a field survey using total station devices 
was then undertaken on 4
th
 January 2011. Bore-hole and SPT tests were conducted at 
three different locations (Figure 4.8) from 25
th
-31
st
 January 2011, to collect soil samples 
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for laboratory tests to understand the sub-soil stratification, and to locate the ground 
water table. The detailed results of the field and laboratory investigations are contained 
in Chapter 4. 
As discussed in Chapter 4, the bore-hole tests and SPT, the results of laboratory soil 
classification and the soil property tests, were used to identify two main layers in Slope-
1. The results of Electrical Resistivity Tomography (ERT) and other field and 
laboratory investigations were used to identify the possible locations (zones), size, and 
orientation of cracks in Slope-1, as discussed in Chapter 5. Combining the results of soil 
layering and crack detection, the general soil stratification of Slope-1 can be presented 
in two layers of subsoils with possible weak zones associated with deep cracks, as 
shown in Figure 6.1.  
 
Figure 6.1: Cross section of the slope along AA’ profile line 
As shown in Figure 6.1, the investigated slope had a length of 220 m and the maximum 
elevation difference of 50 m. The average angle of the slope surface was about 20
o
. The 
ground water table were found at 9 m depth and 6 m depth at bore-hole location 1 (BH-
1) and location 2 (BH-2), respectively. Figure 6.1 also shows some surface cracks that 
were found during the field observations. These surface cracks were easily visible on 
the surface and had widths of 5 – 20 cm. A stream was found on the downside of the 
slope, with its water level at elevation A’ at the time of the field investigation on 4th 
January 2011.  
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Table 6.1 summarizes the properties of soil layers that were used to represent Slope-1. 
Layer 1, Layer 2, and the weak zone soil properties which were obtained from the 
results of the laboratory investigations described in Chapter 5. In this study, some of the  
properties of the weak zone (crack filling materials) were not measured, but were 
estimated based on the studies of Das (2010), Zhang et al. (2005), Gofar et al. (2006), 
and Wang et al.(2011).   
Since deep crack causes a direct infiltration of rainwater into soil slope (Gofar et al., 
2006; Wang et al., 2011), a very high hydraulic conductivity material was introduced in 
the modelling to facilitate the direct infiltration process which is located in the centre 
line of the weak layer zone. Weak layer in those slopes is silty soil layer that being 
disturbed by direct rain-water infiltration through soil deep crack. According to Das 
(2010), the range value of k for silty clay (MH) is between 0.001 – 0.00001 cm/sec. The 
highest hydraulic conductivity of 0.001 cm/sec (0.864 m/day) is then being taken for the 
weak layer in this research. As indicated by Zhang et al. (2005) that 30% increasing of 
moisture content can decrease the shear strength until 80% from the initial shear 
strength developed by compaction at the optimum moisture content. Therefore, 
unmeasured soil parameter of weak layer is predicted using parameter of soil Layer 1 
with decreased value which ‘ and c’ of weak layer were assigned at 3o and 8 kPa, 
respectively 
In transient seepage analysis and unsaturated stability analysis, the variation in 
hydraulic conductivity and shear strength of the soil with its suction, are  needed. In this 
study, these properties were predicted by using saturated parameters and SWCC  from 
Fredlund et al. (1994). The representative SWCCs for layer 1 (Figure 6.2.a) was 
obtained from the measured SWCC data presented in Chapter 4. The SWCC for the 
layer 2 and weak zone were assigned using the avalaible predictive equation in SEEP/W 
using its grain-size distribution results proposed by Aubertin et al (2003) as shown in 
Figure 6.2.b 
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Table 6.1: Soil properties for Slope-1 with weak zone 
Parameter Layer 1 Layer 2 Weak zone 
USCS Soil classification MH MH ML 
 bulk (kN/m3) 14.5 17 13 
sat(%) 65 45 68 
c’ (kPa) 38 23 8* 
’(degree) 14 30 3* 
ksat (cm/sec) 1.37x10
-6
 1.83x10
-6
 0.001* 
Note: *  estimated values 
 
 
(a) Layer-1 
 
(b) Layer-2 and weak zone 
Figure 6.2: Representative SWCCs at Slope-1  
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In this research, deep cracks was assumed as a material rather than as a boundary 
condition. The shear strength of this material was assumed to be zero (Wang et al., 
2011). There are two important parameters to be assigned for this deep crack layer in 
the transient seepage analysis, namely SWCC and saturated hydraulic permeability. Due 
to its similarities in crack existence, the result of Wang et al.’s (2011) research was used 
in this study as discussed in Chapter 5.  
In the modelling of Slope-1 (Figure 6.1) using the finite element in SEEP/W, the 
surface was defined as a flux boundary where the rainfall was assigned. A “no flow” 
boundary condition was applied at the left vertical boundary and the bottom boundary. 
The right vertical boundary was defined as a constant head boundary, as there is a 
stream in the area. The initial conditions (pore-water pressures) in the slope were given, 
based on the location of the ground water table that was monitored during the field 
investigation. The pore-water pressure below the water table was positive and increased 
linearly with depth at a rate of 9.8 kPa/m. It was negative above the water table and 
considered to be decreased linearly with height (above the water table) at negative rate 
of 9.8 kPa/m.  
As described in Chapter 3, the variation of the stability (FOS) of the slope with time 
was obtained by conducting stability analysis (SLOPE/W) using time-dependent pore 
water pressure distributions obtained from transient seepage analysis of the slope. To 
analyse the stability of the slope during rainfall, the general limit equilibrium method 
available in SLOPE/W was used. Auto locate method was used to define 2000 iterations 
of trial failure surfaces for each scenario, to obtain the minimum safety factor of the 
slope under given conditions. 
6.3 EFFECTS OF DEEP CRACKS ON THE RAIN-INDUCED INSTABILITY 
OF SOIL SLOPE  
To investigate the effects of deep cracks on the rain-induced slope instability, Slope-1 
was modelled without (Case 1) and with (Case 2) cracks, as shown in Figures 6.3 and 
6.4, respectively. For each case, coupled seepage (SEEP/W) and stability (SLOPE/W) 
analysis was conducted for the rainfall record given in Figure 6.5. To determine the slip 
failure in model Case 1, two different methods were generated, namely: ‘autolocate’ 
method and ‘entry and exit’ method.  
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Material properties, boundary conditions, and initial conditions required for these 
analyses were based on the data and methods outlined in Section 6.2 and Chapter 3. A 
rainfall record for 150 days (Figure 6.5), from the 1
st
 February to 30
th
 June 2011, was 
chosen for use, as this period represented the same initial conditions (water table) that 
were observed during the field investigation of Slope-1 in January 2011. The stability of 
the slope (FOS) was calculated every 24 hours during the periods of rainfall. 
 
Figure 6.3: FE mesh without cracks (Case 1) 
 
 
Figure 6.4: FE mesh with cracks (Case 2)
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Figure 6.5: Daily rainfall record from 1
st
 February to 30
th
 June 2011 
Figure 6.6 shows the variation of Factor of Safety (FOS) of the slope without cracks, 
and with cracks during the measured rainfall period from 1st February to 31st December 
2011. The critical slip surface of Case-1 and Case-2 were presented in Figure 6.7 and 
Figure 6.8, respectively. As shown in Figure 6.6, the slope stability decreases after 
rainfall events, due to the infiltration of rain water into the soil. Water infiltration into 
the soil increases the pore-water pressure and decreases the suction; consequently, the 
shear strength decreases making the slopes unstable. When deep cracks exist in the 
slope, it becomes more unstable than a slope without cracks. Figure 6.6 shows FOS 
discrepancies between the numerical analysis result of Case-1 and Case-2. The rainfall 
events only had a small influence on the FOS of the Slope-1 models without deep 
cracks (Case 1). In contrast, rainfall events caused a significant decrease in the FOS of 
Slope-1 with deep cracks (Case 2).  
 
Figure 6.6: Daily fluctuation of FOS of the Slope-1, with and without cracks  
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Figure 6.7: Critical slip surface from Case-1 
 
Figure 6.8: Critical slip surface from Case-2 
Deep cracks in a slope facilitate the rapid increase of pore-water pressure in the slope, 
allowing direct rain water infiltration into the slope. In addition, surfaces failures tend to 
go through these weaker zones. As stated by Rahardjo et al. (2000), failure mechanisms 
can be accelerated by the existence of cracks in the soil slope causing a decline in the 
shear strength and an increase in the hydraulic conductivity of unsaturated soil. When 
the shear strength on a plane of a soil slope decreases below the mobilised shear stress 
along the plane, the soil mass above the plane may slide along the plane (Reddi, 2003; 
Zhang et al. 2005).  
There was a dramatic drop in FOS of Slope-1 with deep cracks on the 75
th
 day of  time 
elapsed that coincided with the date of 16th April 2011, as shown in Figure 6.6. This 
may have been due to the effects of antecedent rainfall that occurred over almost 14 
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days (from 3rd to 16th April 2011), when 325 mm of rainfall was recorded. Even in a 
slope without cracks, the antecedent rainfall could cause a drop in the FOS of a soil 
slope with low permeability by up to 45% (Rahimi et al., 2011), and play a significant 
role in producing a high pore-water pressure profile in the residual soil slope with 
higher fine soil particles and low permeability (similar to Slope-1 in this study) 
(Rahardjo et al., 2008).  
The stability analysis without considering deep cracks, as presented in Figure 6.6, 
shows that the slope has higher stability (FOS=2.274) than the stability analysis with 
deep cracks (FOS=2.168) at the final time of analysis. This emphasises the importance 
of identifying deep cracks in the slope and accurately modelling them in a numerical 
analysis of slope stability.  
6.3.1 Effects of the Location of Cracks on Rain-induced Slope Stability 
A parametric analysis was conducted to investigate the effects of crack location and 
crack depth on rain-induced instability of a residual soil slope. According to Wang et al. 
(2011), the most critical position of a soil crack is at the crest of the slope. Therefore, in 
this research, 6 locations for the crack with the spacing of 10m were assigned at the 
crest of the Slope-1 model, to investigate its effect on slope stability (Figure 6.9). These 
cracks were designed for 15m depth and oriented at an angle of 45
0
 to the vertical, as it 
was found that the critical failure surface of Slope-1 without cracks had a similar angle 
to the vertical as shown in Figure 6.10. After the critical location of the crack was 
found, the analysis was then conducted to investigate the effect of crack depth to slope 
stability. 
For each location of the crack shown in Figure 6.9, the variation in the stability of the 
slope (FOS) during the time of rainfall given in Figure 6.11 was calculated by 
performing the coupled seepage and stability analysis using SEEP/W and SLOPE/W. 
The rainfall data shown in Figure 6.11 was recorded in March 2008, and was the highest 
monthly rainfall experienced in the area of Slope-1 during the past 5 years. Material 
properties, boundary conditions, and initial conditions required for these analyses were 
based on the data and method given in Section 6.2 and Chapter 3. 
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Figure 6.9: Soil slope model 1 for investigating the effect of crack location 
 
 
Figure 6.10: Critical slip failure from no-crack soil slope model 
 
 
Figure 6.11: Daily rainfall record for March 2008 
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The variation of FOS of the slope with crack location is illustrated in Figure 6.12. A 
lower FOS for the slope is observed when the cracks are located at “b”, “c”, or “d”. 
At these crack locations, the crack forms a part of the critical slip surface. As the 
shear strength of the crack is almost zero (Wang et al., 2011), it is reasonable to 
assume that the factor of safety decreases when the slip surface passes through crack. 
Further, it was observed that crack “d” was very close to the location of the field 
observed surface crack shown in Figure 6.9. For other crack locations, the crack does 
not form part of the slip surface and hence, a higher FOS can be observed. 
 
Figure 6.12: Factor of safety from stability analyses with various locations of 
deep crack 
Figure 6.13 shows the pore-water pressure distribution near the crack locations of b, 
c, and d, at the time of final analysis. A zone of high water pressure (less negative 
pore water pressure) can be observed around the base of the crack depth. This could 
be caused by direct infiltration of rainwater through the crack and accumulation and 
seepage of it at the bottom of the crack. Around the crack near the surface, a high 
negative pore-water pressure is still maintained, as the rainwater flows fast and deep 
into the slope through the crack which is very permeable. The high pore-water 
pressure decreases the shear strength of the zone, allowing the slope to become 
unstable.  
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(a) 
 
(b) 
 
(c) 
Figure 6.13: Pore water pressure distribution at the final time elapse for the 
slope with crack:  
at ‘b’ location: (b) at ‘c’ location; (c) at‘d’ location.  
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6.3.2 Effect of Crack Depth on Rain-induced Slope Stability 
The results of the analysis conducted in Section 6.3.2 revealed that Slope-1 is less 
stable when a crack is at location “d”. Therefore, when studying the effect of crack 
depth on rain-induced stability, coupled seepage and stability analysis was conducted 
on Slope-1 by increasing the depth of the crack located at “d” from 5 m to 25 m in 5 
m steps, as shown in Figure 6.14. In this analysis, material properties, boundary 
conditions, initial conditions, and methods of analysis, were the same as for Section 
6.4. 
 
Figure 6.14: The soil slope for investigating the effects of crack depth  
 
The results presented in Figure 6.15 show that the FOS of the slope decreases with 
increasing depth of the crack. The deeper the crack is, then more water penetrates to 
a greater in the slope, with a resulting bigger zone with a high pore-water pressure 
(low suction) (see Figures 6.16.a and 6.17.a.). Further, when the crack is deeper, the 
higher the possibility that the critical surface failure follows the crack, as shown in 
Figures 6.16.b and 6.17.b.  
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Figure 6.15: FOS of the slope with various crack depths 
 
(a) 
 
(b) 
Figure 6.16: The slope with 25m depth of crack:                                             
(a) pore water pressure distribution; (b) slip surface with minimum FOS 
 
 
 
1.609 
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(a) 
 
(b) 
Figure 6.17: slope with 5 m depth of crack:                                                  
(a) pore water pressure distribution; (b) slip surface with minimum FOS 
 
6.4 THE APPLICATION OF THE PROPOSED PREDICTION METHOD 
AT SLOPE-1 
The proposed method of prediction of rain-induced slope stability, and warning 
against slope failures (Chapter 3) is applied to Slope-1 to predict its stability for year 
2012. The ‘current day’ for this prediction purpose was assumed to be 31st December 
2011. 
First, based on the field and laboratory investigation of Slope-1, it was modelled in 
SEEP/W and SLOPE/W (with detected cracks), as described in Sections 6.2 and 6.3. 
The initial condition (pore-water pressure distribution) of the slope was given by 
defining the water table location that was observed during the field investigation in 
January 2011.  
2.360 
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The daily measured rainfall data from 1
st
 February to 31
st
 December 2011 (344 days) 
is shown in Figure 6.18. This recorded rainfall was used for the coupled seepage and 
stability analysis to obtain the initial condition (pore-water pressure distribution) in 
the slope, on 31
st
 December 2011 (current day). The predicted annual rainfall from 
1
st
 January to 31
st
 December 2012 (365 days) is shown in Figure 6.19. This annual 
rainfall (2012) prediction was based on the previous 5 years rainfall records (2007 – 
2011) and BMKG’s (Indonesian goverment’s meteorology institution) monthly 
rainfall prediction for the first three months in 2012. BMKG has predicted monthly 
rainfall for January, February and March to be 360 mm, 285 mm and 267 mm, 
respectively (BMKG, 2011). The details of this rainfall prediction are discussed in 
Chapter 4.  
 
Figure 6.18: Daily rainfall record from 1
st
 February to 31
st
 December 2011 
 
 
Figure 6.19: Predicted daily rainfall from 1
st
 January to 31
st
 December 2012 
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Coupled seepage and stability analysis was performed for Slope-1 for the measured 
from 1
st
 February to 31
st
 December 2011 and predicted rainfall from 1
st
 January to 
31
st
 December 2012. For this analysis, the initial conditions (pore-water pressure 
distribution) of the slope for analysis using predicted rainfall were the same as the 
pore-water pressure distribution in the slope on 31
st
 December 2011. This initial 
condition was obtained from seepage analysis for the period 1
st
 February to 31
st
 
December 2011, based on the measured rainfall data.  
Figure 6.20 shows the variation of FOS of Slope-1 using the measured rainfall 
records for 1
st
 February to 31
st
 December 2011, and the predicted rainfall data for 1
st
 
January to 31
st
 December 2012. It can be seen that the slope was not going to reach a 
critical stability condition (FOS=1) during 2012. FOS of Slope-1 was maintained 
above 2.1 during the whole of 2012. Therefore, real-time stability analysis (Step-2) 
was not required to be performed for this slope in 2012. However, as the year (2012) 
progresses, the predicted rainfall can be compared with measured rainfall, and if 
there is a major change rainfall or slope geometry due to an earthquake, it is 
recommended that there be a re-analysis of the stability of the slope to the current 
date using the measured rainfall, and for a further year  using predicted rainfall.  
 
Figure 6.20: Factor of safety of Slope-1 with measured and predicted rainfall 
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6.5 APPLICATION OF THE PROPOSED PREDICTION METHOD AT 
SLOPE-2  
The transient seepage and stability analysis of Slope-1 in Section 6.4 has indicated 
the influence of deep cracks on the slope stability. The accuracy of crack detection is 
important for slope failure predictions. The proposed prediction method was applied 
in Slope-1 and showed that real-time stability analysis (Step-2) was not necessary for 
Slope-1. Therefore, the proposed method including real-time stability analysis was 
applied to Slope-2 which has failed on the 31
st
 October 2010 to demonstrate the 
applicability of the proposed prediction method of real-time slope instability 
inducted by rainfall. 
6.5.1 Investigation and Modelling of Slope-2 
From May to June 2010, Slope-2 was investigated by performing 3 bore-hole tests, 
the conduct of Electrical Resistivity Tomography (ERT), and a field survey. On 28
th
 
and 29
th
 May 2010, The ERT was applied at Slope-2 (Figure 4.11). To collect soil 
samples and perform geotechnical field tests, bore-hole tests were conducted at three 
locations from 6
th
 to 12
th
 June 2010 (Figure 4.11). The detailed results of these field 
observations are presented in Chapter 4.  
As discussed in Chapter 4, two main layers were identified in Slope-2, based on the 
bore-hole tests and SPT, the results of laboratory soil classification, and the soil 
property tests. In addition, the soil crack zone in the Slope-2 was detected by using 
Electrical Resistivity Tomography (ERT) and other field and laboratory 
investigations, as discussed in Chapter 5. The general soil stratification of Slope-2, 
with two main layers of subsoil and possible crack zones associated with deep 
cracks, is shown in Figure 6.21, after combining the results of soil layering and crack 
detection. 
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Figure 6.21: Cross section of the slope along BB’ profile line 
 
As shown in Figure 6.21, the Slope-2 had a length of 140 m and a maximum 
elevation difference of 35 m. The angle of the slope surface was up to 30
o
. The 
ground water table were found at 12 m depth at bore-hole location 1 (BH-1). Figure 
6.21 also shows some surface cracks that were found during the field observations. 
These surface cracks were easily visible on the surface with widths in the range 5 – 
20 cm. A stream was found at the lower part of the slope and its water level was at 
elevation B’ at the time of the investigation on 12th June 2010.  
Table 6.2 summaries the properties of soil layers that were used to represent Slope-2. 
Layer 1, Layer 2, and weak zone soil properties were obtained from the results of the 
laboratory investigations described in Chapter 4. In this study, some of the properties 
of  the weak zone (crack filling materials) were not measured, but were estimated 
based on the procedures of Das (2010), Zhang et al. (2005), Gofar et al. (2006), and 
Wang et al.(2011).   
In Slope-2, SWCC was not measured for any soil type in the slope; therefore, the 
sample of SWCCs available in SEEP/W, which was used for transient seepage 
analysis in this study, were assigned to the materials in the slope, based on their 
classification according to the grain-size distribution test by applying the equation 
proposed by Aubertin et al. (2003) that available in SEEP/W. For the deep crack 
material, SWCC and permeability function are assigned by using SWCC proposed 
by Wang et al. (2011). Figure 6.23 shows the predicted SWCC for layer-1, layer-2, 
and weak zone at Slope-2. 
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Table 6.2: Soil properties for Slope-2 with weak zone 
Parameter Layer 1 Layer 2 Weak zone 
USCS type MH MH ML 
 (kN/m3) 16 17 15 
W (%) 36 38 43 
C (kPa) 17 23 5.4 
(degree) 20 32 17.5 
ksat (cm/sec) 3.87x10
-5
 1.83x10
-6
 0.001 
 
 
Figure 6.22: Predicted SWCC from grain-size distribution of layer-1, layer-2 and 
weak zone at Slope-2 
 
Recorded monthly rainfall data in the area for year 2010 is shown in Figure 6.23. It 
can be seen that the Slope-2 site experienced several months of dry conditions from 
May to September. Measured daily and hourly rainfall data from the 12
th
 July to 31
st
 
October 2010 at Slope-2 presented in Figure 6.24 and 6.25, respectively. As seen in 
Figure 6.22, rainfall events on 31
st
 October 2010 occurred at 12 pm, 1 pm, 2 pm and 
3 pm. One of those rainfall events might have caused a landslide at Slope-2 on 31
st
 
October 2010.  
 
Figure 6.23: Monthly Rainfall Records in 2010 
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Figure 6.24: Daily Rainfall Records from 12
th
 June to 31
st
 October 2010 
 
 
Figure 6.25: Hourly Rainfall Records from 12
th
 June to 31
st
 October 2010 
 
In the modelling of Slope-2 using finite element in SEEP/W, as shown in Figure 
6.23, the surface was defined as flux boundary where rainfall for the period of 
analysis was assigned. The left vertical boundary and the bottom boundary were 
considered as “no flow”. The right vertical boundary was defined as a constant head 
boundary as there is a stream in the area. The initial conditions (pore-water 
pressures) in the slope were given based on the location of the water table that was 
monitored during the field investigation. The pore-water pressure below the water 
table is positive and increased linearly with the depth at a rate of 9.8 kPa/m. It is 
negative above the water table and considered to be decreased linearly with the 
height (above the water table) at the negative rate of 9.8 kPa/m.  
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The time-dependent pore water pressure distribution determined from SEEP/W 
analysis was then coupled with the stability analysis using SLOPE/W to obtain the 
variation of the FOS with time. The general limit equilibrium method available in 
SLOPE/W was used to analyse the stability of the slope during rainfall. By applying 
auto locate method to define 2000 iterations of trail failure surfaces for each 
scenario, the minimum safety factor of the slope under given conditions was 
obtained. 
6.5.2 Prediction of the Rain-induced Instability at Slope-2 
To verify the complete proposed method of prediction of rain-induced slope stability 
(Step-1 and Step-2) and warning against the slope failures (Chapter 3), a simulation 
on Slope-2 was carried out for the year 2011, since the actual landslide occurred in 
October 2010. In the application of the proposed method to Slope-2, which failed on 
the 31st October 2010, the following steps would be followed: 
a. The ‘current day’ for prediction purposes was assumed to be 12th June 2010, 
after field observations and laboratory soil testing were completed. The 
Slope-2 shown in Figure 6.21 was modelled in SEEP/W, with the initial pore-
water pressure in the slope being a based on water table location that was 
observed during the field investigation. 
b. Using the method proposed in Chapter 4, the rainfall for the following 12 
months (13
th
 June 2010 to 13
th
 June 2011) was predicted and is shown in 
Figure 6.26. For this prediction, measured rainfall records for the 5 year 
period June 2007 to June 2010, were used. 
c. Transient stability analysis using the predicted annual rainfall (from 13th June 
2010 to 12
th
 June 2011) was performed as described in Chapter 3, and the 
variation of stability (FOS) for this period is shown in Figure 6.27. 
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Figure 6.26: Predicted annual rainfall data from 13
th
 June 2010 to 12
th
 June 2011 
 
 
Figure 6.27: Factor of safety of Slope-2 with predicted rainfall from 13
th
 June 2010 
to 12
th
 June 2011 
 
It can be seen in the Figure 6.27 that Slope-2 is in near failure condition (FOS 
= 1.04) on the current date (13
th
 June 2010) and FOS of the Slope-2 will 
eventually go below unity at time step #155 (14
th
 November 2010) if Slope-2 
receives the predicted rainfall. Since FOS is 1.04 on 12
th
 June 2012, the 
people living in the area that could be affected by the possible failure of the 
Slope-2 can be informed to be ready for possible evacuation from the start of 
the next rainfall event. For this slope, it is important to conduct real-time 
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stability analysis (daily) from 13
th
 June 2010, to closely observe the stability 
of the slope for accurate warning and safe evacuation of the people. 
d. It can be decided to warn and evacuate the people in the possible affected 
area when the real-time FOS is equal to, or just below, 1. This evacuation 
could be possible, as it is not raining at present. If it is raining, an FOS = 1.04 
could be critical for evacuation of the people  
e. With the start of rainfall at 1 pm on 22nd September 2010, the real-time 
stability can be calculated as described in Chapter 3. The deviation chart as 
shown in Figure 6.28 was used. The result of the real-time stability analysis 
using daily rainfall is shown in Figure 6.29 and 6.30. In this real-time daily 
analysis, all analyses were started at 1 am in every single day during the 
observed time.  
 
Figure 6.28: Deviation chart of daily rainfall from 13
th
 June 2010 to 31
st
 October 
2010   
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Figure 6.29: FOS distribution at day #16 (28
th
 June 2010) after assigned with 
predicted rainfall  
 
 
Figure 6.30: FOS distribution at day #141 (31
st
 October 2010) after assigned with 
predicted rainfall 
 
After predicted rainfall using deviation chart in Chapter 4 was assigned, it can be 
seen in Figure 6.29 that the FOS on 28
th
 September 2010 had decreased below 1.035 
and as seen in Figure 6.30, the FOS on 31
st
 October 2010 had decreased below 1.02. 
The FOS value on 31
st
 October 2010 was very near to unity. Based on this daily 
prediction, it can be stated that the landslide at the Slope-2 was likely to have 
occurred, after being triggered by the rainfall event on 31
st
 October 2010.  
This verification result shows that the predictive method could be used to prevent 
losses or casualties (e.g. closing of roads, movement of the people) in the area of the 
landslide disaster on 31
st
 October 2010, by giving an immediate warning for 
evacuation. Since this real-time analysis can be done in short time process, the 
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analysis can be started at the beginning of rainfall with the result (FOS) able to be 
determined even before the rainfall stop.  
However, the safer warning should have been given before any rainfall event 
occurred from 13rd June 2010 since the FOS was very near to unstable conditions 
from the beginning of the analysis (FOS=1.04).  
By using the proposed predictive Step-1, the landslide on 31
st
 October 2010 at Slope-
2 can be estimated to have occurred between 13
rd
 June to 14
th
 November 2010. The 
real-time prediction analysis using Step-2 can predict a landslide at the beginning of 
the triggering rainfall, by detecting the decrease of FOS. However, in this study, it 
could be possible to have a discrepancy between predicted FOS and measured FOS. 
The reason for this discrepancy could possibly be related to the assumption taken due 
to the uncertainty of soil parameter and the accuracy of the rainfall prediction. 
6.6 SUMMARY  
The parametric analysis conducted in this chapter revealed that deep cracks in soil 
slopes significantly decrease their stability during periods of rainfall by being 
(sometimes)  part of the critical slip surface and creating a zone of high pore-water 
pressure (low suction). The location and depth of the cracks can also affect the 
stability of the slope. The deeper the crack, then the lower is the stability of the slope. 
Therefore, it is important to detect the location and orientation of the crack 
accurately in the slope, to enhance the accuracy of the stability analysis and failure 
prediction of the slope. 
When applying Step-1 of the proposed prediction methods for rain-induced slope 
instability (details in Chapter 3) to Slope-1, it was found that the Slope-1 is stable 
and maintains its FOS above 2.1 during the whole of 2012. Based on this result, it 
would not be required to perform real-time stability analysis (Step-2) for this slope in 
2012. 
When using the proposed predictive Step-1 to Slope-2, the landslide on 31
st
 October 
2010 at Slope-2 can be estimated to have occurred between 13
rd
 June to 14
th
 
November 2010. The real-time prediction analysis using Step-2 can predict a 
landslide at the beginning of the triggering rainfall, by detecting the decrease of FOS.  
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This chapter also shows that the proposed prediction method has the potential to be 
used in an early warning system against landslide hazard, since the FOS value and 
the timing of the end-result of the prediction at Slope-2, can be predicted before the 
actual failure of the slope.  
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Chapter 7: Conclusion and 
Recommendations  
7.1 CONCLUSIONS 
By coupling transient seepage analysis using the finite element method with slope 
stability analysis using the limit equilibrium method, a predictive method for real-
time rain-induced slope instability in natural residual soil slopes with existing deep 
cracks  has been proposed in this research. To verify the applicability of the method, 
an investigated landslide event was used, and real-time deterministic analyses were 
applied to predict the occurrence time of the slope failure. The results from this 
research lead to the following findings, which answer the research questions:  
 The ERT can be used to detect the location and orientation of a deep crack in a 
soil slope. 
 To investigate the unsaturated residual soil associated with deep cracks and 
subject to rainwater infiltration, a numerical model using coupled transient 
seepage and stability analysis can be used by assigning soil layers from soil 
testing results and introducing crack zone and material based on ERT result. 
 Identification of deep cracks in the slope and accurately modelling them in 
numerical modelling analysis is important since the existence of deep crack, their 
location and depth were affected the stability of slope. 
 Coupled transient seepage and stability analysis can be used to predict the real-
time rain-induced slope instability in cracked soil slopes.  
7.1.1 The use of ERT to detect the location and the orientation of deep crack in 
a soil slope 
The ability of Electrical resistivity tomography using Dipole-dipole and Azimuthal 
arrays to detect the location and orientation of a deep crack in a soil slope has been 
confirmed by verifying this method with the geotechnical investigation results. As 
shown by ERT results obtained in a wet-season at Slope-1, the deep crack existence 
can be represented by the low resistivity of the soil due to high water content as a 
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result of direct infiltration of rain water. Verification of the Dipole-dipole array using 
geotechnical investigation results have shown that the soil deep crack location 
coincides with the high porosity and the low unit weight of the soil layer. The 
existence of a deep crack can be further confirmed by the results of the Azimuthal 
array method for detecting the deep crack orientation from the surface to the 
investigated depth. A precaution has to be taken in the analysis when the following 
conditions occur:  
- If high clay content is found in the investigated soil, the interpretation of 
a deep crack could be inaccurate, since the high clay content can affect 
the low resistivity of soil in a way similar to high water content of the 
soil.   
- If ERT is undertaken in the dry season, the existence of a deep crack can 
be represented by very high resistivity of the soil, since there is a gap or 
huge void inside the deep crack in the absence of water.  
7.1.2 A numerical model using coupled transient seepage and stability analysis 
can be used to investigate the unsaturated residual soil associated with 
deep cracks and subject to rainwater infiltration 
Numerical modelling using coupled transient seepage and stability analysis can be 
used    cracks and subject to rainwater infiltration. The numerical modelling was 
undertaken by assigning soil layers based on the result of soil investigation test and 
introducing the zone of possible deep crack and crack material based on the result of 
ERT test. The possible deep crack zones in the slope were termed as “weak zone”. A 
very high hydraulic conductivity of thin material (less than 20 cm) was introduced in 
the modelling, to facilitate the direct infiltration process which is located in the 
centre line of the weak zone. This thin crack material is to accommodate the fact that 
the deep crack causes direct infiltration of rainwater into soil slope. Shear strength of 
this deep crack material was assumed to be zero as its has potencial to form a part of 
failure surface.   
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7.1.3 The important of identifying and accurately modelling deep crack in 
numerical modelling analysis.   
The results of transient seepage and slope stability analyses at Slope-1, with and 
without considering deep cracks, has emphasised the importance of identifying deep 
cracks in the slope and accurately modelling them in numerical modelling analysis. 
The stability analysis of the Slope-1 considering deep cracks, has lower stability 
(FOS = 2.168) than the stability analysis without considering deep cracks 
(FOS=2.274) at the final time of analysis. Using the results of the parametric study 
conducted on slope stability, the effect of the location and the depth of crack on the 
stability of slope was confirmed. The largest decrease in FOS occurs when the crack 
is located at the crest of the slope, as the crack can form part of the slip surface. 
When the crack is located only at a shallow depth the decrease in FOS is small, as a 
shallow crack only affects the pore-water pressure at a shallow depth and the crack 
does not contribute to surface slip. When the crack is deep, pore-water pressure 
increases significantly since rainwater can infiltrate directly into the soil slope and 
the crack can form a part of the surface slip that causes a sharp decrease in FOS.  
7.1.4 The use of coupled transient seepage and stability analysis to predict the 
real-time rain-induced slope instability in cracked soil slopes 
The ability of the transient seepage analysis, when coupled with the slope stability 
analysis, for predicting the real-time rain-induced slope instability in cracked soil 
slopes was verified with a case study. The landslide can be predicted less than one 
hour after the triggering rainfall events by using the proposed method. Due to the 
uncertainty in rainfall, the predicted and real monitoring rainfall events were the key 
factors affecting the prediction result for an early warning system against landslides. 
Since the modelling in this method needs sufficient soil stratigraphical data from 
ERT and geotechnical investigation tests, which are costly and time consuming, the 
predictive method proposed here is preferred for application to natural soil slopes 
that have already been observed as critical slopes. Unless it is safe to undertake ERT 
and geotechnical investigations in the location, the investigations should be carried 
out in another nearby location or be based on earlier investigative records. 
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7.2 RECOMMENDATIONS FOR FURTHER RESEARCHES 
Based on the results of this research and its limitation the following 
recommendations can be done for further research: 
7.2.1 Verification method using QUAKE/W could consider more detailed 
measurements of soil parameters for more accurate results.  
In regard to the material properties used and assumptions made for the dynamic 
analysis, the comparison method using QUAKE/W in this research can be improved 
with more detailed measurements of soil parameters including the use of local 
earthquake measurements and establishing the location of bedrock. By doing this, it 
is expected that the accuracy of dynamic analysis can be increased in order to 
minimize the discrepancy of the modelling result and the field observation.  
7.2.2 Real-time monitoring on soil slope using field instruments such as ground 
inclinometers and volumetric water content sensors.  
In relation to the accuracy of transient seepage and slope stability analyses, long term 
monitoring need to be undertaken in the investigated soil slope to verify the results of 
the numerical analysis. This could be done by installing field instruments such as 
ground inclinometers to monitor the soil lateral displacement changes, and 
volumetric water content sensors to monitor the response of volumetric water content 
in real time. 
7.2.3 The acquisition of measured and predicted rainfall data using more 
advance technology to increase the accuracy of the real-time predictions.  
The uncertainty of rainfall is the key factor affecting the predictions for an early 
warning system against landslides. Therefore, the acquisition of measured and 
predicted rainfall data using satellite-based technology, could increase the accuracy 
of the real-time predictions. More advanced statistical methods for time-series 
predictions and neural-network application method can be employed to give more 
accurate predictions of rainfall.      
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7.2.4 Incorporating uncertainty of soil parameter by applying a probabilistic 
analysis.  
The variability of the input parameter and the uncertainties of the model should be 
considered in the numerical analysis by taking into account those variations in the 
probabilistic analysis. The result of this probabilistic analysis would give range of 
risk for the engineer to decide the best choice. 
7.2.5 Use of worst-case scenario of annual rainfall record data in transient 
seepage and stability analysis  
Prior to prediction of rainfall induced slope instability, the predicted rainfall has to be 
determined by using proper rainfall prediction method. To give safer prediction, the 
worst-case scenario of rainfall record data could be considered to be used in this 
prediction analysis by collecting rainfall record from extended period, for instance in 
a decade.  
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